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Editorial on the Research Topic 


Molecular Epidemiology of Fungal Infections


The term “molecular epidemiology” was first proposed in the 1970s and has since been used to describe any study that uses molecular markers to analyze disease patterns at the population level, including infectious and non-infectious diseases such as SARS-COVID-19 and cancer (Tümmler, 2020). With the rapid development in molecular technology and computer science since the 1990s, molecular epidemiological studies of fungal infections have made tremendous progresses, including studies on plant, animal, and human fungal pathogens (Tarasevich et al., 2003; Tümmler, 2020). Such studies have revealed and refined our understandings of fungal disease outbreaks, transmission dynamics, risk factors, pathogenesis, antifungal resistance, and the genetic and genomic attributes of pathogenic fungi, particularly those that are emerging fungal pathogens. This Special Topic was organized to capture some of the most recent developments and inform the infectious diseases, medical mycology, and public health communities about the progresses and impacts of molecular epidemiology of fungal infections. In the Research Topic on “Molecular Epidemiology of Fungal Infections”, a total of 12 articles have been accepted and published, covering a range of human fungal pathogens as well as different aspects of these pathogens. Interestingly, the majority of the papers (75%; 9/12) were written by Chinese researchers, reflecting the overall trend seen in other journals covering similar topics and suggesting the rapid development of this topic in China.

Over the last 30 years, genotyping methods for studying culturable fungal strains has undergone significant changes, from anonymous fingerprinting techniques such as random amplified polymorphic DNA (RAPD) to sequence-based techniques such as multi-locus sequence typing (MLST) and whole-genome sequencing (Tümmler, 2020). Hong et al., reviewed the diversity of molecular marker techniques that has been used for analyzing the human pathogenic Cryptococcus species, specifically members of the Cryptococcus neoformans and Cryptococcus gattii complexes and how such analyses improved our understanding of this group of fungi. Following a thorough discussion of the advantages and disadvantages of individual molecular markers, the authors proposed that MLST and whole genome sequence typing (WGST) will be the gold standards for continued strain genotyping and epidemiological investigations of the human pathogenic Cryptococcus species (Hong et al.). As a model organism for medical fungi, this review summarized not only the evolution of molecular techniques for fungal strain typing but also how those techniques improved our understanding of cryptococcal epidemiology and the evolutionary history of human pathogenic Cryptococcus.

Differences in genotype distribution and antifungal resistance have been observed among clinical and environmental isolates of C. neoformans in China (Chen et al., 2018; Chen et al., 2021). Yang et al., analyzed 199 clinical isolates of C. neoformans from Jiangxi, China, using the MLST consensus scheme and the Clinical and Laboratory Standards Institute (CLSI) M27-A3 method. The study found that ST5/VNI was the most predominant genotype (approximately 89.5%) of clinical C. neoformans isolates in the region, along with three novel genotypes (ST656, ST657, and ST658). A large proportion (approximately 43.2%) of the isolates were not sensitive to fluconazole at a MIC50 ≥ 8 μg/ml.

Harun et al., investigated 188 global clinical, veterinary, and environmental isolates of Scedosporium aurantiacum using a 6-locus MLST scheme. A markedly high genetic diversity with 159 unique sequence types (STs) was observed in this important fungal pathogen in a range of clinical settings. The results of phylogenetics, network and linkage disequilibrium analyses revealed evidence of recombination in the species and suggested that S. aurantiacum may have originated within the Australian continent and spread to other regions.

Equine histoplasmosis commonly known as epizootic lymphangitis (EL) is a neglected granulomatous disease of equine that is endemic to Ethiopia, and is caused by the Histoplasma capsulatum variety farciminosum (Scantlebury et al., 2016). Ameni et al., performed a phylogenetic analysis of 54 veterinary isolates from horses in Ethiopia using the internal transcribed spacer region of rRNA genes (ITS) sequence. The study’s findings indicated that the Ethiopian isolates were closely aggregated with isolates of the South American A and Eurasian clades, but more distantly related to isolates from the North America 1 and 2 clades and the South American B clade. This study highlights the potential origins and transmission routes of Histoplasmosis in Ethiopia.

The Prototheca alga is the only chlorophyte capable of causing infections in humans, with Prototheca wickerhamii serving as the main causal agent. Guo et al., used nanopore long-read and Illumina short-read technologies to sequence the genomes of two P. wickerhamii isolates, S1 and S931, to investigate the evolution of Prototheca and the genetic basis for its pathogenicity. The assembled nuclear genome was 17.57 Mb in size with 19 contigs and 17.45 Mb with 26 contigs for isolates S1 and S931, respectively. There were approximately 5,700 predicted protein-coding genes, with over 96% of these genes could be annotated with a gene function. This study provides in-depth insights into the genome sequences of two clinical isolates of P. wickerhamii to contribute to the basic understanding of this species.

Chen et al., analyze 110 clinical Candida isolates from a tertiary care teaching hospital from Jiangxi, China using RAPD genotyping and the Sensititre ™ YeastOne YO10 panel. Candida albicans was the predominant species (approximately 36.3%), followed by C. parapsilosis (approximately 33.6%), C. tropicalis (approximately 19.1%), C. glabrata (approximately 8.2%), C. rugosa (approximately 1.8%), and C. haemulonii (approximately 0.9%). Using RAPD typing, C. albicans isolates could be grouped into five clusters, C. parapsilosis and C. tropicalis isolates into seven clusters, and C. glabrata isolates into only one cluster comprising six strains. Antifungal testing revealed that the isolates had the highest overall resistance against fluconazole (approximately 6.4%), followed by voriconazole (approximately 4.6%). In the azole-resistant isolates, the most common amino acid substitution was 132aa (Y132H, Y132F) within the erg11 gene. Cluster F had approximately 75% azole-resistant C. albicans isolates, while Cluster Y had two azole-resistant C. tropicalis isolates.

To date, few studies have reported the incidence of pulmonary co-infection of fungi and bacteria. Zhao et al., used the mNGS technique to analyze 119 patients with fungal infections, 48 (approximately 40.3%) of which had pulmonary fungal and bacterial co-infection. The most commonly identified fungi species were Aspergillus, Pneumocystis, and Rhizopus, and the most commonly identified bacterial species were Pseudomonas aeruginosa, Acinetobacter baumannii, and Stenotrophomonas maltophilia. The results of the study suggest the incidence of fungal and bacterial co-infection in patients with pulmonary fungal infections could not be ignored, which may also guide the use of antibacterial drugs in these patients.

Studies on antifungal susceptibility and resistance mechanisms also are popular Research Topics in molecular epidemiology of fungal infections. Chen et al., used the CLSI M59 guideline and Sensititre YeastOne™ system to analyze 11 Diutina catenulata (Candida catenulata) isolates collected from the China Hospital Invasive Fungal Surveillance Net (CHIF-NET) Program. The results showed that itraconazole (0.06-0.12 μg/ml), posaconazole (0.06-0.12 μg/ml), amphotericin B (0.25-1μg/ml), and 5-flucytosine (range, 0.06-0.12 μg/ml) had low MICs, whereas echinocandins had high MICs (≥4 μg/ml) in four isolates. Common ERG11 mutations, including F126L/K143R, were found in isolates with high MIC values for azoles. Two frequent amino acid alterations corresponding to high MIC values of echinocandin, F621I (F641) and S625L (S645), were also found in spot 1 region of FKS1. There was also one new amino acid alteration, I1348S (I1368). The high MIC values for various antifungals in the study suggest that the treatment of invasive infections caused by D. catenulate may be challenging.

Arastehfar et al., collected 58 Candida parapsilosis isolates that recovered from the bloodstream of 47 patients at Turkey’s Ege University Hospital between January 2019 and January 2020. These isolates were genotyped by ITS sequencing and multi-locus microsatellite typing (MLMT). Antifungal susceptibility testing was performed in accordance with the CLSI M60 protocol, and the ERG11 and HS1/HS2-FKS1 sequences were sequenced. Results showed that Y132F was the most common mutation in Erg11. All Y132F-positive isolates were found in one large cluster and were mostly recovered from patients admitted to the chest disease and pediatric surgery wards. In Turkey, the study emphasizes the importance of strict infection control strategies, antifungal stewardship, and environmental screening.

Li et al., analyzed the whole genome sequence data from two Chinese Candida auris isolates as well as 356 isolates archived in the European Bioinformatics Institute (EBI) databases, which were analyzed by bioinformatics using machine learning classifiers based on Python 3.8.4 software. Two machine learning algorithms, based on the balanced test and imbalanced test, were designed and evaluated. The results obtained using the balanced test set were superior to those obtained using the imbalanced test set for the majority of drugs. This study suggested that machine learning classifiers are a useful and cost-effective method for identifying fungal drug resistance-related mutations, which could be very important for research into the mechanism underlying antifungal resistance observed in C. auris, an emerging fungal pathogen.

Liu et al., investigated the clinical and molecular characteristic of 45 chromoblastomycosis (CBM) cases in Guangdong, China, a CBM hotspot. The mean age of the patients was 61.38 ± 11.20 years and the gender ratio (male to female) was 4.6:1. Approximately 29% of the cases had underlying diseases, and a verrucous form was the most common clinical manifestation (approximately 42%). Approximately 62% of the clinical isolates were identified as F. monophora, followed by F. nubica (approximately 38%). In vitro antifungal susceptibility test revealed that azoles (PCZ 0.015_0.25 μg/ml, VCZ 0.015_0.5 μg/ml, and ITZ 0.03_0.5 μg/ml) and TRB (0.015_1 mg/ml) had low MICs. The main therapeutic strategy used for 31 of 45 cases was itraconazole combined with terbinafine, and approximately 68% of them improved or were cured. The findings of this study are likely to represent regional trends in this subtropical hyper-endemic area of CBM, and they will contribute to better CBM management and clinical therapy.

Hu et al., described a rare subcutaneous infection caused by Dirkmeia churashimaensis and reviewed previously published human Ustilaginales infections. Over the course of 2 years, an 80-year-old female farmer developed extensive plaques and nodules on her left arm. Pathological and microbiological examinations revealed that this infections was caused by a new pathological agent, D. churashimaensi. The patient was successfully cured by oral itraconazole. A literature review suggested amphotericin B, posaconazole, itraconazole, and voriconazole had good activity against these reported strains, whereas fluconazole, 5-flucytosine, and echinocandins usually showed low susceptibility. Itraconazole was effective against subcutaneous infections. The case report and literature review reveal that D. churashimaensis can be a fungal opportunist. A proper identification of fungi and antifungal susceptibility tests can be crucial for clinical treatment.

In summary, the published articles in this Research Topic of “Molecular Epidemiology of Fungal Infections” covered a wide range or research, including: (i) the diverse molecular markers used to investigate genetic diversity and antifungal susceptibility of pathogenic fungi; (ii) molecular epidemiologic investigations of fungal outbreaks/epidemics, routes of spread, risk factors, pathogenesis, and environmental distributions, and (iii) applications of next-generation sequencing in molecular epidemiology of fungal infections to addressing new research questions. We hope that this collection will be useful for future research in the field on molecular epidemiology of fungal infections.
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As the second leading etiological agent of candidemia in Turkey and the cause of severe fluconazole-non-susceptible (FNS) clonal outbreaks, Candida parapsilosis emerged as a major health threat at Ege University Hospital (EUH). Evaluation of microbiological and pertinent clinical profiles of candidemia patients due to C. parapsilosis in EUH in 2019–2020. Candida parapsilosis isolates were collected from blood samples and identified by sequencing internal transcribed spacer ribosomal DNA. Antifungal susceptibility testing was performed in accordance with CLSI M60 protocol and ERG11 and HS1/HS2-FKS1 were sequenced to explore the fluconazole and echinocandin resistance, respectively. Isolates were typed using a multilocus microsatellite typing assay. Relevant clinical data were obtained for patients recruited in the current study. FNS C. parapsilosis isolates were recovered from 53% of the patients admitted to EUH in 2019–2020. Y132F was the most frequent mutation in Erg11. All patients infected with C. parapsilosis isolates carrying Y132F, who received fluconazole showed therapeutic failure and significantly had a higher mortality than those infected with other FNS and susceptible isolates (50% vs. 16.1%). All isolates carrying Y132F grouped into one major cluster and mainly recovered from patients admitted to chest diseases and pediatric surgery wards. The unprecedented increase in the number of Y132F C. parapsilosis, which corresponded with increased rates of fluconazole therapeutic failure and mortality, is worrisome and highlights the urgency for strict infection control strategies, antifungal stewardship, and environmental screening in EUH.
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Introduction

Candidemia represents a major global public health concern due to high mortality rates and additional economic burden (Arastehfar et al., 2020f). Although global epidemiological studies characterize Candida albicans as the leading cause of candidemia (Pfaller et al., 2019), non-albicans Candida (NAC) species, especially C. parapsilosis, C. tropicalis, C. glabrata, and C. auris, surpass C. albicans in some countries and individual patient population and healthcare institutions (Arastehfar et al., 2020f; Megri et al., 2020). Among these NAC species, C. parapsilosis stands out as an important causative agent of invasive candidiasis observed in the last decade (Pfaller et al., 2019). Candida parapsilosis is thought to be transferred through direct contact usually involving the hands of healthcare workers (Tóth et al., 2019). Its ability to form tenacious biofilms allows this species to persist avidly in the hospital settings (Tóth et al., 2019). Furthermore, numerous studies from European (Arastehfar et al., 2020b; Martini et al., 2020), Asian (Singh et al., 2019), African (Magobo et al., 2020), and Latin American (Thomaz et al., 2018) countries have reported an unprecedented rate of fluconazole and/or azole resistance due to C. parapsilosis, which, combined with the mode of transmission, has led to severe clonal outbreaks and establishment of persistent fluconazole-non-susceptible (FNS) C. parapsilosis in previously unknown niches of the hospital environment. Horizontal transmission results in fluconazole-resistant C. parapsilosis isolated from azole-naïve patients (Arastehfar et al., 2020b) and subsequent therapeutic failure, which can potentially lead to higher hospital expenses, longer hospitalization times, and poor outcome. To further complicate the matter, the emergence of multidrug-resistant (MDR) C. parapsilosis blood isolates showing resistance to both azoles and echinocandins has recently been reported (Arastehfar et al., 2020c; Arastehfar et al., 2021). Therefore, it is highly important to diligently monitor the burden of antifungal resistance and perform genotyping of C. parapsilosis blood isolates in clinical settings that have experienced fungal infection outbreaks.

A principal molecular mechanism underlying fluconazole resistance in Candida species involves mutations in the ERG11 gene encoding an enzyme of the ergosterol biosynthetic pathway (Arastehfar et al., 2020f). Residue substitutions Y132F, K143R, and G458S in Erg11 are considered the major cause of fluconazole resistance, followed by the upregulation of ERG11 and efflux pump genes MDR1 and CDR1 due to gain-of-function mutations in the respective transcription factors (Arastehfar et al., 2020f). Resistance to echinocandins develops through acquisition of mutations in hotspot (HS) regions of FKS genes (Arastehfar et al., 2020f; Arastehfar et al., 2021).

In our previous studies, we analyzed C. parapsilosis blood isolates recovered from Ege University Hospital (EUH) between 2007 and early 2019, and have reported severe clonal outbreaks due to fluconazole-resistant (Arastehfar et al., 2020b) and MDR (Arastehfar et al., 2021) C. parapsilosis isolates. The increasing trend of fluconazole-resistant C. parapsilosis blood isolates in EUH, especially from 2018 onward, and the lack of detailed clinical data with respect to fluconazole therapeutic failure (FTF) among infected patients from our previous studies prompted us to collect the blood isolates obtained in 2019 to 2020. Furthermore, we applied a multilocus microsatellite typing technique to assess the genetic relatedness of the C. parapsilosis blood isolates collected and to identify the wards, where clonal outbreaks are ongoing.



Materials and Methods

This was a retrospective study, which included patients with candidemia due to C. parapsilosis admitted to EUH between January 2019 and January 2020. There were no exclusion criteria regarding age, sex, underlying conditions, wards, etc. Persistent fever and obtaining C. parapsilosis from blood culture despite antifungal treatment were considered as antifungal therapeutic failure and reported by treating physicians. Drug exposure included the recorded data of the preceding six months and if needed records of the previous hospitalizations were checked. Thirty-day mortality was defined when death occurred ≤ 30 days after the first positive blood culture (Kord et al., 2020). Candida parapsilosis blood isolates were inoculated onto Sabouraud glucose agar (Merck, Darmstadt, Germany) and chromogenic agar (CandiSelect™ 4, Bio-Rad, Hercules, CA, USA) plates and incubated at 37°C for 24–48 h. Species identification was performed using primers targeting internal transcribed spacer 1 (ITS1; TCCGTAGGTGAACCTGCGG) and ITS 4 (GCATATCAATAAGCGGA) (Stielow et al., 2015). It has been shown that ITS1 and ITS4 can discriminate species within C. parapsilosis species complex (Souza et al., 2012).


Antifungal Susceptibility Testing

Antifungal susceptibility testing was performed by the broth microdilution method according to the CLSI M60 protocol (CLSI, 2017) and included fluconazole, voriconazole, itraconazole, posaconazole, amphotericin B (all from Sigma-Aldrich, St. Louis, MO, USA), caspofungin (bioMérieux SA, Marcy-l’Étoile, France), micafungin (Astellas, Munich, Germany), and anidulafungin (Pfizer, New York, NYC, USA). Isolates were incubated at 35°C for 24 h and minimum inhibitory concentrations (MICs) were visually recorded. Candida krusei (ATCC 6258) and C. parapsilosis (ATCC 22019) were used for quality control. Resistance to fluconazole, anidulafungin, micafungin, and caspofungin was considered at MICs ≥ 8 μg/mL, whereas that to voriconazole was noted at MICs ≥ 1 μg/mL (Pfaller and Diekema, 2012). Isolates with the fluconazole MICs ≥4 μg/mL were regarded as FNS. Susceptibility to amphotericin B, itraconazole, and posaconazole was reported based on epidemiological cut-off values and isolates showing MICs >2, >0.5, and >0.25 μg/mL were considered non-wild-type (NWT) (Pfaller and Diekema, 2012).

Fluconazole tolerance was defined as incomplete growth inhibition at supra-MICs for 48 h compared to positive control (Arastehfar et al., 2020e; Berman and Krysan, 2020).



DNA Extraction and Sequencing of ERG11 and FKS1

DNA was extracted using a previously described CTAB-based protocol (Arastehfar et al., 2018). ERG11 and HS1 and HS2 of FKS1 were amplified by PCR using specific primers and sequenced as previously described (Arastehfar et al., 2019b; Arastehfar et al., 2020c). Since echinocandin-susceptible C. parapsilosis may occasionally carry mutations in the HS regions (Arastehfar et al., 2020d) and isolates with the susceptible dose-dependent phenotype for fluconazole may have the Y132F mutation (Singh et al., 2019), sequencing was performed for all isolates to detect any potential genetic changes conferring resistance and/or therapeutic failure.

Raw sequence data were edited using SeqMan Pro software (DNASTAR, Madison, WI, USA), and the curated sequences were aligned against WT sequences of ERG11 (GQ302972) and FKS (Garcia-Effron et al., 2008) using MEGA v7.0 (Temple University, Philadelphia, PA, USA).



Genotyping

The genetic relatedness of C. parapsilosis strains was evaluated using multilocus microsatellite typing targeting four loci and eight alleles (Trobajo-Sanmartín et al., 2018). Genotyping analysis was performed using BioNumerics software V7.6 (Applied Math Inc., Austin, Texas, USA) and different genotypes were assigned when two given strains differed in more than one allele. Genotypes showing with similar genetic profile were regarded as cluster.



Statistical Analysis

The association between mortality and fluconazole susceptibility profile was assessed by chi-square test using SPSS v24 (SPSS Inc., Chicago, IL, USA). Kaplan-Meier survival curve was plotted using the GraphPad Prism software (GraphPad, San Diego, CA, USA). P-values below 0.05 were considered statistically significant.



Deposition of the Generated Sequence Data

The sequences of ERG11, FKS1-HS1, FKS1-HS2 obtained in this study were deposited in the GenBank database under the following accession numbers (MW013584–MW013641), (MW013700–MW013757), and (MW013642–MW013699), respectively.




Results


Clinical Data

Between 2019 and 2020, 58 C. parapsilosis isolates were recovered from bloodstream of 47 patients. Multiple C. parapsilosis isolates were recovered from five patients: three with four and two – with two sequentially obtained isolates. The median age of the patients was 45 years (range, 40 days–89 years) and the majority of them were men (33/47; 70.2%). The most notable underlying conditions (some patients had more than one) were: cancer (12/47; 25.5%), surgery (10/47; 21.2%), burns (10/47; 21.2%), chronic respiratory diseases (6/47; 12.7%), diabetes mellitus (5/47; 10.6%), hypertension (5/47; 10.6%), neurological diseases (5/47; 10.6%), and cardiovascular diseases (4/47; 8.5%) (details in Supplementary Table 1). Central venous catheter was used in 63.8% of patients (30/47) and approximately 40.5% of those patients were admitted in intensive care units (ICUs) (19/47). Twelve patients (25.5%) received prophylactic treatment with azoles, including fluconazole (11/47; 23.4%) and posaconazole (1/47; 2.1%). Fluconazole (20/47; 42.5%), and echinocandins micafungin (15/47; 31.9%), caspofungin (12/47: 25.5%), anidulafungin (8/47; 17%), and amphotericin B (11/47; 23.4%) were used as targeted treatment. The overall mortality rate was 27.6%.



Antifungal Susceptibility Profiles

All C. parapsilosis isolates were susceptible to echinocandins (anidulafungin, micafungin, and caspofungin) and were WT to amphotericin B, itraconazole, and posaconazole. The FNS phenotype (MICs ≥4 μg/mL) was detected in 28 isolates (MIC = 4 μg/mL, n = 12; MIC ≥ 8 μg/mL, n = 16) collected from 53% of patients (25/47) (Tables 1 and 2). Voriconazole resistance (MICs ≥1 μg/mL) and intermediate phenotypes (MIC = 0.25–0.5 μg/mL) were observed for seven and four isolates, respectively. Of note, the seven voriconazole-resistant isolates were cross-resistant to fluconazole (Tables 1 and 2).


Table 1 | Comprehensive microbiological and clinical data of candidemic patients infected with C. parapsilosis in Ege University Hospital between 2019 to 2020.




Table 2 | Antifungal susceptibility data for Candida parapsilosis blood isolates collected from Ege University Hospital, Turkey, 2019–2020.





ERG11 and FKS1 Sequencing Results

Consistent with the echinocandin MIC data, none of the C. parapsilosis isolates carried any mutations in HS1 or HS2 of FKS1. Among fluconazole resistance-related mutations, Y132F was the most prevalent (17/28; 60.7%), followed by G458S (4/28; 14.2%), Y132F+G307A (3/28; 10.7%), and G307A+G458S (1/28; 3.6%) (Tables 1 and 2). Interestingly, three FNS isolates recovered from a patient without any exposure to azoles during hospitalization did not carry any mutations in ERG11 (Tables 1 and 2). In order to evaluate the dynamics of ERG11 mutations in FNS C. parapsilosis isolates during the period between 2007 and 2020, we combined the current data with those obtained in our previous study (Arastehfar et al., 2020b) (Figure 1). Interestingly, we observed time-dependent shifts in the mutation type and frequency: the number of Y132F-carrying isolates was significantly increased from 2017 onward, whereas isolates with Y132F+K143R and K143R, which were prevalent before 2019, were not detected thereafter (Figure 1 and Table 1). Importantly, isolates with newly emerged mutations (G458S and Y132F+G307A) also showed an increase from 2017 onward and one fluconazole-resistant isolate had a new mutation (G307A+G458S) not detected in our previous studies (Figure 1 and Table 1). However, we did not observe any patients infected with clonal MDR C. parapsilosis isolates carrying Y132F+K143R in Erg11 or R658G in HS1 of Fks1, which is in contrast with our previous results (Arastehfar et al., 2021).




Figure 1 | Mutation frequency and types in Erg11 showed a dynamic trend, where new mutations replaced previously dominant ones.



To assess the association between the emergence of FNS isolates and the use of antifungals, we analyzed the treatment records of the patients. All patients infected with FNS isolates and treated with fluconazole (17/25, 68%) showed FTF, while the rest of 8 patients carrying FNS C. parapsilosis isolates were azole-naïve (Tables 1 and 2). Patients infected with Y132F-carrying C. parapsilosis isolates significantly had a higher mortality rate (8/16; 50%) compared to those infected with other FNS and FS (5/31; 16.1%) isolates (Tables 1 and 2; Figure 2) (Chi-square, two-tailed, P= 0.012). FTF was also observed for two patients infected with eight FS isolates (four isolates per patient), but since there was no increase in MICs compared to positive control after 48 h, these isolates were not considered fluconazole-tolerant.




Figure 2 | 30-day survival of patients infected with azole-susceptible and azole-resistant C. parapsilosis isolates carrying Y132F in Erg11.





Genotypic Diversity of C. parapsilosis Isolates

According to multilocus microsatellite typing, C. parapsilosis isolates were distributed into 2 major clusters, 8 sub-clusters (minor clusters), and 31 genotypes (Figure 2 and Table 1). Interestingly, all isolates carrying Y132F or Y132F+G307A grouped into one major cluster and belonged to related genotypes, within which they formed small clonal clusters (Figure 3 and Table 1). Approximately 69% of the patients infected with Y132F C. parapsilosis (11/16) were admitted to the chest and pediatric surgery wards, and those infected with Y132F+G307A isolates, which were 100% clonal, were admitted to pediatric wards and pediatric ICU (Figure 3 and Table 1). The second major cluster comprised almost 91% of FS isolates (20/22) and some FNS isolates carrying G458S and G307A+G458S mutations (Figure 3, Table 1). This cluster contained two sub-clusters of clonal isolates including: FS isolates from seven patients (patients #5, 33, 38, 43, 45, 51, and 53), mainly obtained in burn ICU, and G458S-carrying isolates from three patients of pediatric surgery and gastroenterology wards (patients # 18, 47, and 52), respectively (Figure 3 and Table 1). Details regarding the hospitalization of patients infected with FNS isolates with highly genetic similar profiles and/or clonal are shown in a transmission map in Figure 4. Collectively, these data indicate a continuing outbreak due to both FNS isolates with similar genetic profiles and clonal FS C. parapsilosis in various wards of EUH.




Figure 3 | The genotypic relatedness of C. parapsilosis blood isolates recovered during 2019 to 2020 in Ege University Hospital reveals clonal outbreak due to both azole-susceptible and azole-non-susceptible isolates. C denotes minor cluster containing similar genotypes (difference ≥ 2 alleles).






Figure 4 | The transmission map of patients infected with fluconazole non-susceptible clonal isolates and/or with those showing high genetic similarity during the study period. Blood bottle symbol denotes the positive blood bottle date.






Discussion

The emergence of clonal outbreaks due to FNS and MDR C. parapsilosis in EUH is a matter of clinical concern. Therefore, continuous monitoring of the burden of antifungal resistance as well as analysis of the underlying molecular mechanisms and genotypic diversity of the isolates in relation to clinical data are of paramount importance. An alarming finding is that approximately 53% of patients with candidemia in this study were infected with FNS C. parapsilosis and all of them showed FTF when treated with azoles. We observed a dynamic shift in the mutation type and frequency among FNS C. parapsilosis isolates, when some previously prevalent mutations disappeared and were replaced by new ones. Beyond FTF, the Y132F-carrying C. parapsilosis isolates were associated with the highest mortality rate compared to patients infected with other isolates.

Overall, the 53% of the patients infected with FNS C. parapsilosis represented 48% of all analyzed isolates. Moreover, almost 15% of the FNS isolates were also cross-resistant to voriconazole. Analysis of the burden of FNS isolates in EUH in 2007–2020 based on the combined results of this and the previous study (Arastehfar et al., 2020b) revealed its highest rate in 2019. An increased number of studies report a high rate of FNS C. parapsilosis blood isolates, which ranges from 22% and 32% in Italy and India (Singh et al., 2019; Martini et al., 2020) to 71% and 78% in Brazil and South Africa (Thomaz et al., 2018; Magobo et al., 2020). Consistent with these data, a recent global study showed increasing prevalence of FNS C. parapsilosis in Latin American countries (Pfaller et al., 2019). In contrast to our earlier study (Arastehfar et al., 2021) but in line with the global trend, in this study we did not detect any isolates showing resistance against echinocandins or the NWT phenotype to amphotericin B. Unfortunately, most reports on the clonal expansion of FNS C. parapsilosis are from developing countries, where high cost of echinocandins promotes the popularity of fluconazole as the main treatment of invasive Candida infections (Arastehfar et al., 2019a; Arastehfar et al., 2019c; Arastehfar et al., 2020a; Megri et al., 2020) which can undermine the clinical efficacy of fluconazole and may have detrimental consequences. Altogether, these data point to the danger of the increasing burden of FNS C. parapsilosis blood isolates in clinical centers.

To analyze the molecular mechanisms of antifungal resistance in our isolates, we sequenced ERG11 and FKS1 genes. In agreement with the drug susceptibility profiles, we did not identify any mutations in FKS1 HS1 and HS2 but found numerous mutations in ERG11 of FNS isolates, which showed dynamic changes over time. Interestingly, in contrast to our previous study indicating that Y132F+K143R was one of the most prevalent residue substitutions in Erg11p (Arastehfar et al., 2020b), here we did not find any isolates carrying Y132F+K143R or K143R, Q250K+R398I+G458S, and G458S+T519A, which were replaced by the emerging mutations Y132F+G307A, G458S, and G307A+G458S. Y132F was found in almost 60% of the current FNS isolates and its prevalence was higher in this study (2019–2020) compared to our previous study (2007–2019) (Arastehfar et al., 2020b). Our previous analysis using a large cohort of patients infected with C. parapsilosis showed that azole use in the hospital was higher from 2015 onward, which was speculated to be the cause behind this surge (Arastehfar et al., 2020b). Moreover, environmental contamination could be another factor further contributing in continuous outbreak and increasing number patients infected with C. parapsilosis isolates carrying Y132F isolates. Our data confirming Y132F as the leading mutation underlying azole resistance is consistent with reports from India (Singh et al., 2019), Brazil (Thomaz et al., 2018), South Korea (Choi et al., 2018), South Africa (Magobo et al., 2020), Italy (Martini et al., 2020), the United States (Grossman et al., 2015), and Kuwait (Asadzadeh et al., 2017), where other Erg11p mutations have rarely been identified, except for K143R detected in India (Singh et al., 2019). On the other hand, the extreme variety of ERG11 mutations observed in our settings compared to the other studies (Grossman et al., 2015; Asadzadeh et al., 2017; Choi et al., 2018; Thomaz et al., 2018; Singh et al., 2019; Magobo et al., 2020; Martini et al., 2020) may highlight potential hypermutability of Turkish C. parapsilosis isolates and the presence of certain genetic mechanisms promoting the establishment and persistence of such outstanding genetic diversity.

To evaluate the clinical significance of our molecular data, we analyzed their association with patient outcome, specifically focusing on mortality and FTF. The overall mortality rate was 27.6%; however, it was significantly higher for patients infected with Y132F-carrying C. parapsilosis than for those infected with the other FNS and FS isolates, which is consistent with the trend reported in our previous study (Arastehfar et al., 2020b; Thomaz et al., 2021). Unfortunately, the retrospective nature of our study did not allow us to obtain detailed clinical data on the severity of the diseases, which directly impacts the mortality rate. Among other host- and drug-related factors involved, this phenomenon may be attributed to the presence of some unknown compensatory genetic mutations accompanying Y132F and/or higher virulence of Y132F strains compared to other isolates, which, consequently, may explain the exponential increase in the incidence of Y132F-carrying C. parapsilosis observed in our and other studies (Grossman et al., 2015; Asadzadeh et al., 2017; Choi et al., 2018; Thomaz et al., 2018; Singh et al., 2019; Arastehfar et al., 2020b; Magobo et al., 2020; Martini et al., 2020). Of note, our most recent study involving Galleria mellonella have shown the lack of a higher virulence attributes of C. parapsilosis isolates carrying Y132F compared to other FNS and FS isolates (Binder et al., 2020). However, comprehensive studies involving mice model using a large number of C. parapsilosis isolates are required to investigate if Y132F possess a higher virulence and if such isolates are associated with a higher mortality rate.

FTF was found in 100% and 9% of fluconazole-treated patients infected with FNS and FS C. parapsilosis isolates, respectively. Although FTF can also occur because of fluconazole tolerance (Arastehfar et al., 2020e; Berman and Krysan, 2020), none of the FS isolates showed a fluconazole-tolerant phenotype and FTF could be explained by the involvement of other mechanisms such as host- and drug-related factors (Arastehfar et al., 2020e; Arastehfar et al., 2020f; Berman and Krysan, 2020). Consistent with other studies, we found that 32% of the patients infected with FNS isolates were also azole-naïve (Arastehfar et al., 2020b), which raises the question whether such isolates have emerged through clonal expansion. Therefore, we analyzed the genetic relatedness of C. parapsilosis isolates by multilocus microsatellite typing, which allowed identification of two major clusters: one predominated by FNS and the other – by FS isolates, among which a few FNS isolates were scattered. Interestingly, all FNS C. parapsilosis isolates carrying Y132F and Y132F+G307 grouped together in genetically similar minor clusters and were mostly obtained from patients in chest diseases and pediatric surgery wards, whereas other FNS isolates carrying G458S were clonal and dispersed among FS isolates. Clonality was observed for FS C. parapsilosis and almost 37% of patients infected with such isolates were admitted to the burn ICU, which is similar to our previous observations. These data are important to consider, since some studies have focused on the genetic relatedness of FNS C. parapsilosis assuming that Y132F isolates are mostly associated with persistent clonal outbreaks, (Choi et al., 2018) while here we have shown that both FNS and FS C. parapsilosis isolates formed clonal clusters and consequently caused outbreak. The observation of expanding genetically similar and/or clonal ones is similar to what have been observed for the multidrug-resistant Candida auris, where cross-transmission among several patients were recorded during the course of infection (Al Maani et al., 2019; Mohsin et al., 2020). Our findings emphasize the continuous expansion of clonal FNS and FS C. parapsilosis outbreaks in EUH, which requires prompt implementation of infection control strategies and establishment of antifungal stewardship to prevent further spread and emergence of C. parapsilosis in this hospital. Of note, the lack of AMB resistance in our huge collection of C. parapsilosis isolates collected over 14 years and its well-tolerability among neonates and children is in line with the in-vivo efficacy data obtained from G. mellonella where the larvae were infected with MDR and FNS C. parapsilosis blood isolates showed excellent efficacy when AMB compared with fluconazole (Binder et al., 2020).

The major limitations of the current study are the lack of expression analysis of efflux pumps (CDR1 and MDR1) and ERG11 in FNS compared to FS C. parapsilosis isolates and their association with gain-of-function mutations occurring in their transcription factors, namely TAC1, MRR1, and UPC2. Moreover, the continual clonal expansion of FNS and FS C. parapsilosis isolates in EUH requires the environmental screening to find the source of infection, which will be addressed in the future.
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The human pathogenic Cryptococcus species are the main agents of fungal meningitis in humans and the causes of other diseases collectively called cryptococcosis. There are at least eight evolutionary divergent lineages among these agents, with different lineages showing different geographic and/or ecological distributions. In this review, we describe the main strain typing methods that have been used to analyze the human pathogenic Cryptococcus and discuss how molecular markers derived from the various strain typing methods have impacted our understanding of not only cryptococcal epidemiology but also its evolutionary histories. These methods include serotyping, multilocus enzyme electrophoresis, electrophoretic karyotyping, random amplified polymorphic DNA, restriction fragment length polymorphism, PCR-fingerprinting, amplified fragment length polymorphism, multilocus microsatellite typing, single locus and multilocus sequence typing, matrix-assisted laser desorption/ionization time of flight mass spectrometry, and whole genome sequencing. The major findings and the advantages and disadvantages of each method are discussed. Together, while controversies remain, these strain typing methods have helped reveal (i) the broad phylogenetic pattern among these agents, (ii) the centers of origins for several lineages and their dispersal patterns, (iii) the distributions of genetic variation among geographic regions and ecological niches, (iv) recent hybridization among several lineages, and (v) specific mutations during infections within individual patients. However, significant challenges remain. Multilocus sequence typing and whole genome sequencing are emerging as the gold standards for continued strain typing and epidemiological investigations of cryptococcosis.
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Introduction

The human pathogenic Cryptococcus species are among the biggest causes of mobility and mortality in humans. Globally, there are ~223,100 cases of cryptococcal meningitis per year, primarily in HIV-infected patients, resulting in ~181,100 deaths (Rajasingham et al., 2017). Strains in two sibling species complexes, the Cryptococcus neoformans species complex (CNSC) and the Cryptococcus gattii species complex (CGSC), are the primary causative agents of cryptococcosis (Kwon-Chung et al., 2014; May et al., 2016). CNSC has a worldwide distribution, occurring naturally in the soil, avian excreta, and decayed wood inside trunk hollows of many tree species (Lazera et al., 2000; Randhawa et al., 2008; Taverna et al., 2020), and is responsible for over 80% of the global cryptococcal infections (Park et al., 2009). CGSC has been mainly reported from the decayed wood in trunk hollows of various trees in tropical and subtropical regions and is observed to cause diseases in apparently healthy individuals (Byrnes et al., 2009; Mcculloh et al., 2011; Chen et al., 2014).

Since the 1980s, several molecular typing methods have been developed to study the epidemiology and genetic diversity of these two species complexes (Table 1). These methods primarily assay DNA sequence variations among strains and lineages and include random amplified polymorphic DNA (RAPD), PCR-fingerprinting, amplified fragment length polymorphisms (AFLP), PCR-restriction fragment length polymorphisms (PCR-RFLP), single locus sequence typing (SLST), multilocus sequence typing (MLST), multilocus microsatellite typing (MLMT), and whole genome sequencing (Sidrim et al., 2010; Li et al., 2013; Cuomo et al., 2018). The pros and cons of each of these methods are briefly summarized in Table 1. Together, these methods have allowed the identifications of individual and/or groups of strains, clarified the phylogenetic diversity within and between the two species complexes, revealed both recent and ancient hybridizations among lineages, and identified both broad geographic patterns of strain genotype distributions and local transmissions and microevolutions. In the sections below, we briefly describe each molecular typing method, point out their advantages and disadvantages, and summarize the main epidemiological findings based on each method. We also discuss how the methods have enabled other types of studies on the origins, virulence, and drug resistance in this important group of fungal pathogens.


Table 1 | Comparison of major molecular methods used for typing the human pathogenic Cryptococcus.





Serotyping Methods

Serotypes of CNSC and CGSC reflect the antigenic differences resulting from variation in capsular polysaccharides (Cherniak and Sundstrom, 1994). A diagnostic medium containing L-canavanine, glycine and bromothymol blue (CGB test) was first used to identify two species complexes including four serotypes: CNSC for serotypes A and D, and CGSC for serotypes B and C (Kwon-Chung et al., 1982). However, it was reported that a positive CGB reaction alone was not sufficient for accurate serotyping (Khan et al., 2003). Subsequently, antisera raised from strains of four different serotypes were developed into a commercial capsular agglutination test kit to identify cryptococcal serotypes. Based on the capsular agglutination reactions, an additional serotype AD that reacted with both serotypes A and D antisera was identified (Belay et al., 1996).

Serotyping was a quick and widely used epidemiological tool in cryptococcal research until the early part of the 21st century. Those studies identified that globally, the most frequent serotype in both environmental and clinical samples belonged to serotype A. In contrast, other serotypes showed more patchy distributions. For example, serotypes B and C were mainly found in tropical and subtropical regions while serotype D was mainly found in southern Europe (Dromer et al., 1996; Tortorano et al., 1997; Viviani et al., 2006). Further research revealed that different serotypes each had unique microbiological and biochemical characteristics (Nakamura et al., 1998). However, there were several limitations in using serotyping as the only strain typing method. For example, there were natural isolates without any capsular polysaccharides and thus were not reacting with any of the specific antisera and were deemed not typable (Fromtling et al., 1982; Kwon-Chung and Rhodes, 1986). In addition, the discrimination power of serotyping method is comparatively low which makes it unable to meet the demand of modern epidemiological studies of CNSC and CGSC.

At the turn of the century, DNA sequence analyses revealed significant divergence among strains and serotypes of the human pathogenic Cryptococcus. Those sequence analyses revealed restriction site polymorphism within specific genes that could be readily used to distinguish strains of different serotypes. For example, PCR amplification of a fragment of CAP59, a gene required for capsule biosynthesis, followed by restriction enzyme digest, enabled successful identification of the serotypes of CNSC and CGSC (Nakamura, 2001; Enache-Angoulvant et al., 2007). Later on, a multiplex PCR based on a set of four primers was created for serotype identification (Ito-Kuwa et al., 2007). These PCR-based methods showed high concordance with immunological serotyping methods. The cost-effectiveness and convenience of PCR-based methods for serotype identification resulted in the disuse of antisera serotyping kits as a common tool for epidemiological studies.



Multilocus Enzyme Electrophoresis

Multilocus enzyme electrophoresis (MLEE) is a molecular typing method that detects differences in gel electrophoretic migration patterns of enzymes. The differences in mobility through gel matrixes are due to non-synonymous substitutions in genes encoding for enzymes. Since many enzymes are polymorphic among individuals in most species, MLEE was a very popular molecular typing method from the 1960s to the 1990s for assaying genetic variation in a diversity of organisms, from bacteria to fungi, plants and animals, including humans. For each metabolic enzyme, each individual haploid organism has a specific amino acid sequence, exhibiting a specific mobility during gel electrophoresis. For diploid organisms, each individual would typically contain two copies of each gene. If the two copies are identical to each other within an individual, the individual is called a homozygote at the locus and only one enzyme band would be found during gel electrophoresis for the specific enzyme in this individual. In contrast, if the two copies of a metabolic enzyme have different amino acid sequences that change the mobility of the enzyme, the individual is called a heterozygote at the locus and two enzyme bands would be found during gel electrophoresis for the specific enzyme in the individual. After electrophoresis, specific colorimetric substrates are added to the gel to detect the mobility of individual enzymes. The mobility patterns of multiple enzymes constitute the individual organism’s electrophoretic profile. MLEE offers higher discriminatory power than serotyping for detecting clones of many human microbial pathogens.

In 1995, Brandt et al. investigated the usefulness of MLEE in subtyping human pathogenic Cryptococcus clinical isolates (Bertout et al., 1999). They assayed the following 10 enzymes: alcohol dehydrogenase (EC 1.1.1.1), glucose 6-phosphate dehydrogenase (EC 1.1.1.49), 6-phosphogluconate dehydrogenase (EC 1.1.1.44), glutamate dehydrogenase (EC 1.4.1.4), glutamate oxaloacetic transaminase (EC 2.6.1.1), malate dehydrogenase (EC 1.1.1.37), phosphoglucose isomerase (EC 5.3.1.9), phosphoglyceromutase (EC 2.7.5.1), phenylalanine-leucine peptidase (EC 3.4.X.X), and leucine-alanine peptidase (EC 3.4.X.X). All 10 enzymes were found to be polymorphic in the analyzed Cryptococcus population. Based on the electrophoretic patterns of these 10 enzymes, they separated 344 isolates into 19 MLEE electrophoretic types (ETs): serotype A strains were grouped into 10 ETs; and three ETs each were found for strains of serotype D, serotype AD, and serotype B respectively (Brandt et al., 1995). The applications of the MLEE method allowed them to infer the epidemiological patterns of cryptococcal infections in four U.S. metropolitan areas between 1992 to 1994 (Brandt et al., 1995). Specifically, though some of the ETs were broadly distributed, they found several geographic specificities. For example, ET-1, the predominant ET throughout the US, was recovered in significantly greater proportion from Atlanta (Georgia), Houston (Texas), and all major metropolitan areas of Alabama than from San Francisco (California). In contrast, ET-2 and ET-7 (serotype AD) isolates were recovered predominantly from San Francisco (Brandt et al., 1995). Multiple isolates from the same patient always had the same ET, consistent with the stability of these markers and the persistence of cryptococcal strains in these patients. Furthermore, no significant difference in ET type distribution was found when isolates from HIV-infected patients were compared with those without HIV-infections, indicating no evidence of selection by the host or the pathogen in the genotype of cryptococcal strains causing cryptococcosis among patient groups in the US (Brandt et al., 1995).

While MLEE played a major role for studying a wide variety of practical and theoretical questions relating to epidemiology, population genetics, and systematics of microbial pathogens, it has ceased to be a routine strain typing technique of clinical or environmental microorganisms, including those of the human pathogenic Cryptococcus. Several reasons have likely contributed to its limited use, including: (i) technical complexity of MLEE; (ii) difficulties in comparing mobility results among laboratories; (iii) inability to assess nucleotide substitutions that do not cause amino acid changes (synonymous substitutions) due to redundancy in genetic code; and (iv) inability to assess amino acid substitutions that do not alter the overall charge or obvious molecular weight among alleles. Both (iii) and (iv) will cause different alleles with either different DNA sequences and/or different amino acid sequence to have the same or indistinguishable electrophoretic mobilities on gels. In addition, MLEE can only detect polymorphisms within the coding region of each gene. Mutations in promoter regions or introns of a gene cannot be assayed by MLEE. Methods that directly assay DNA sequence variations could help eliminate the limitations intrinsic to MLEE.



Electrophoretic Karyotyping

Karyotyping is a classical technology by which photographs of chromosomes are taken in order to determine the chromosome complement of an individual organism, including the number, size, and staining patterns of chromosomes. Any abnormalities in the number, size, and staining patterns of chromosomes among individuals can all be theoretically determined. In humans, chromosomal karyotyping is most commonly used for prenatal screening and to diagnose chromosomal abnormalities that cause infertility. In fungi, due to the small sizes of their chromosomes, karyotyping is not accomplished by staining and microscopy but by pulsed-field gel electrophoresis (PFGE). The application of PFGE for studying the human pathogenic Cryptococcus began in the early 1990s. Indeed, it was commonly used as an epidemiological tool for clinical and environmental isolates of CNSC and CGSC during the period of 1990s to 2000s (Kwon-Chung et al., 1992; Boekhout et al., 1993; Perfect et al., 1993; Saracli et al., 2006; Esposto et al., 2009). For example, Boekhout et al. reported that the electrophoretic karyotypes of CNSC and CGSC consist of seven to fourteen bands of chromosomal DNA, and that there was no obvious correlation between chromosomal number and serotypes, geographic origin or ecological habitat (Boekhout et al., 1993). In addition, while differences among isolates were observed, the karyotype patterns of individual CNSC or CGSC isolates were shown to be stable during both in vitro passage and in vivo infections (Boekhout et al., 1993). Those analyses revealed no specific pattern of karyotypes of CNSC or CGSC isolates being associated with site of infection [e.g., isolates from cerebral spinal fluid (CSF) vs blood] or with the hosts’ underlying conditions (e.g., isolates from HIV-infected patients compared with patterns in non-HIV-infected patients) (Perfect et al., 1993). Moreover, results of PFGE karyotyping supported the hypothesis that serotype AD isolates of CNSC often contained most chromosomal complements of both serotypes A and D strains (Esposto et al., 2009). In addition, PFGE karyotyping helped provide estimates of genome size and chromosome numbers in individual strains. For example, using PFGE, Perfect et al. provided the first estimate of the genome size of CNSC as between 15 and 17 Mb, with the number of chromosomes ranging between 10 and 12 (Perfect et al., 1993). Later, also using PFGE, Wickes et al. derived larger and more accurate genome size estimates at 21 to 24.5 Mb, with 13 chromosomes on average in CGSC and 12 chromosomes in CNSC (Wickes et al., 1994).

Notably, PFGE revealed significant electrophoretic karyotype polymorphisms among clinical and environmental isolates of CNSC and CGSC (Kwon-Chung et al., 1992; Perfect et al., 1993). For instances, Currie et al. reported 18 different karyotypes among 25 environmental and clinical isolates of CNSC from New York, USA (Currie et al., 1994). Similarly, six and three karyotypes were identified among 21 clinical isolates and eight environmental isolates of CNSC from Nagasaki, Japan (Yamamoto et al., 1995). In the study by Perfect et al. (Perfect et al., 1993), 41 different karyotypes were found among 46 clinical or environmental CNSC or CGSC isolates. Similarly, a high karyotype polymorphisms were found by Dromer et al. (Dromer et al., 1994) who reported 39 different karyotypes among 40 clinical isolates of CNSC (serotype D). Further, Perfect et al. noted that PFGE karyotyping could be used to exclude the possibility of nosocomial spread of CNSC in one clinical situation and supported relapse in two other cases due to its variable chromosome sizes between isolates (Perfect et al., 1993). Together, these results indicated the PFGE karyotyping can be a powerful method for discriminating strains and for epidemiological studies of CNSC and CGSC.

Even in the omics era, the PFGE karyotyping can still be a useful tool for genetic and epidemiological studies on CNSC and CGSC, particularly for determining chromosomal structural changes associated with environmental outbreaks or distinguishing the clinical isolates between relapse and reinfection. For example, drug resistance can be caused by duplication of whole chromosomes or chromosomal segments. Such duplications can often be detected through PFGE while other DNA sequence – based methods may miss such genetic changes. Together with other methods such as targeted gene sequencing or whole genome sequencing, PFGE will continue to help understand the epidemiology and evolution of CNSC and CGSC in the future.



Restriction Fragment Length Polymorphism

Restriction fragment length polymorphism (RFLP) is a classic molecular genotyping technique originally developed for genetic studies and for constructing restriction maps of large DNA molecules such as plasmids and mitochondrial genomes. RFLP has been broadly employed for mapping human disease genes beginning in the late 1970s (Botstein et al., 1980). The RFLP-based molecular markers provide an ability to detect DNA fragments of different lengths after digestion of DNA samples from various sources by restriction endonucleases. Depending on our prior information, RFLP can be detected using different approaches. When the DNA sequence of the target gene is not known and PCR amplification is not possible, RFLP is typically determined based on the restriction digest of whole-genome DNA, followed by agarose gel electrophoresis, Southern blotting, hybridization of the labeled target DNA molecule to the Southern blot, and visualization of the hybridization products through autoradiography (Grover and Sharma, 2016). Although the procedure described above for assaying RFLP is reliable for distinguishing different genotypes and does not require knowledge of the genome sequence (Gebhardt et al., 1989), the entire procedure is very time-consuming and requires special training and equipment.

When the specific DNA sequence containing the restriction polymorphic site is known, PCR primers can be designed and RFLP can be effectively combined with PCR to quickly assay RFLP for many samples. For the human pathogenic Cryptococcus, Xu et al. in 2000 identified an RFLP within the mitochondrial large ribosomal subunit that distinguished serotypes A and D strains (Xu et al., 2000a). After 2001, Velegraki et al., Xu et al., Meyer et al. and Latouche et al. successively used PCR-RFLP in molecular epidemiological studies of clinical isolates of CNSC and CGSC, which targeted different genes including orotidine monophosphate pyrophosphorylase gene (URA5) (Velegraki et al., 2001; Xu, 2002; Meyer et al., 2003), the mitochondrial large ribosomal subunit (Velegraki et al., 2001; Xu, 2002; Meyer et al., 2003), and phospholipase B gene (PLB1) (Latouche et al., 2003). Commendably, the RFLP assays clustered CNSC and CGSC isolates into eight major molecular types, which have since found a good concordance with results of serotyping, PCR fingerprinting, and multilocus sequence typing, and whole-genome sequencing (please see below) of isolates of CNSC and CGSC. Additional PCR-RFLP markers based on other genes such as CAP1 and GEF1 allowed simultaneous identification of both the molecular type and mating type of CNSC and CGSC (Feng et al., 2008). Because of the ease of application, the PCR-RFLP markers will continue to be used for targeted epidemiological studies and genetic analyses of the human pathogenic Cryptococcus.



Random Amplified Polymorphic DNA

PCR-fingerprinting is a series of PCR-based techniques using arbitrary primers to amplify regions of genomes. These techniques are versatile for detecting DNA sequence polymorphisms for a variety of purposes, including genetic mapping, phylogenetics, and molecular epidemiology (Welsh and Mcclelland, 1990; Williams et al., 1990). Among the PCR-fingerprinting techniques, random amplified polymorphic DNA (RAPD) is a molecular marker technique that uses a single short arbitrary oligonucleotide primer (generally 10 bp) to randomly amplify DNA fragments within individual genomes (Welsh and Mcclelland, 1990; Williams et al., 1990). Because the single primer is short, there are potentially many regions in the genome with similar or identical sequences that the primer can anneal to and amplify. Consequently, RAPD can potentially generate a large number of amplified fragments from different parts of the genome. Polymorphisms among individuals are generated when there are differences among individuals in nucleotide sequences at the primer sites and/or when there are insertions/deletions within the regions of DNA flanked by the primer recognition sites. The polymorphism information on target genomic DNA can be generated independent of any prior knowledge of the target DNA sequence. RAPD was broadly used in the early 1990s (Williams et al., 1990; Hadrys et al., 1992) when no whole-genome sequence was available. An appropriate primer may yield distinctive RAPD patterns of DNA fragments among species and strains. Most studies using RAPD markers for genotyping employ multiple primers, with one in each PCR. Together, a large number of polymorphic DNA bands can be generated and detected through agarose gel electrophoresis to distinguish strains. However, because of the short primer length and low annealing temperature, RAPD is sensitive to minor variations in many factors such as annealing temperature, buffer solution, template DNA concentration, and the PCR machine used. Consequently, it’s often necessary to standardize the procedures such as the quality and quantity of genomic DNA (Koebner, 1995; Mohan et al., 1995) and the specific PCR instrument used (Schierwater and Ender, 1993) in order to ensure reproducibility of RAPD results (Williams et al., 1990; Hadrys et al., 1992).

The RAPD technique was employed for several molecular epidemiological studies on CNSC and CGSC, using a series of primer combinations in the 1990s (Chen et al., 1996; Sorrell et al., 1996; Chen et al., 1997). Brandt et al. compared RAPD and MLEE and found they each had advantages, resolving the relationships among strains of CNSC and CGSC to different degrees (Brandt et al., 1995). Ruma et al. distinguished CNSC isolates between serotypes A, D or AD, and revealed further differentiation among strains within each serotype using seven RAPD primers (Ruma et al., 1996). In their study, four RAPD profiles were clearly distinguished within CGSC, among which two primers 5SOR and CNl differentiated their collection of CGSC isolates between serotypes B and C (Ruma et al., 1996). With primers ERICl and ERIC2, Boekhout et al. also reported that the RAPD technique could distinguish CNSC and CGSC isolates at the level of serotypes (Boekhout et al., 1997). Furthermore, RAPD markers have been successfully used in combination with other molecular typing methods. For example, Boekhout et al. showed that RAPD in combination with PFGE karyotyping were more useful in epidemiological studies of CNSC and CGSC than either technique alone (Boekhout et al., 1997). In other studies, the combination of long primer PCR-fingerprinting and RAPD revealed abundant genetic diversity of more than 400 isolates of CNSC and CGSC in two studies (Sorrell et al., 1996; Meyer et al., 1999), clustering the CNSC and CGSC isolates into four major groups, respectively.

In general, while RAPD markers have generated useful information for epidemiological studies on CNSC and CGSC, its high sensitivity to experimental conditions and low reproducibility among experiments make comparing results among labs difficult (Williams et al., 1990; Hadrys et al., 1992). Indeed, there has been a continuous decline in using RAPD markers alone for epidemiological studies on CNSC and CGSC (and other organisms) since the early 1990s (Figure 1).




Figure 1 | Number of publications using different molecular typing methods for studying the human pathogenic Cryptococcus from 1960 to 2021, by decade.





PCR-Fingerprinting

As described in the last section, PCR fingerprinting is a common strain typing technique, first described in 1985 (Jeffreys et al., 1985). Different from RAPD, this strain typing technique typically refers to the detection of hypervariable repetitive sequences (minisatellite and microsatellite or simple repetitive DNAs) using specific oligonucleotides individually as PCR primers. These oligonucleotides were originally designed as hybridization probes for classical DNA fingerprinting experiments through Southern hybridization (Meyer et al., 1993a; Meyer et al., 1993b). Since 1993, Meyer et al. started to use a series of oligonucleotides hybridization probes such as (CA)8, (CT)8, (CAC)5, (GTG)5, (GACA)4, (GATA)4, and the phage M13 core sequence (5’-GAGGGTGGXGGXTCT-3’) as primers for PCR fingerprinting for strain typing and for molecular epidemiological analyses of fungal pathogens, including the human pathogenic Cryptococcus (Meyer et al., 1993a; Meyer et al., 1993b; Meyer and Mitchell, 1995). Because of the long primers and more stringent PCR amplification conditions, DNA fingerprints produced by PCR using primers such as (GTG)5, (GACA)4, or the M13 core sequence were much more reproducible than RAPD. Indeed, PCR fingerprinting reliably and successfully differentiated several lineages within CNSC and CGSC; with many isolates showing unique PCR fingerprint patterns (Meyer et al., 1993b). Since then, primers (GTG)5, (GACA)4, and the M13 core sequence have been widely recognized as standard PCR fingerprinting primers for studies on CNSC and CGSC (Meyer et al., 1993b; Meyer and Mitchell, 1995; Cogliati et al., 2000; Meyer et al., 2003). For example, in 1999, Meyer et al. used PCR fingerprinting to genotype 356 clinical isolates of CNSC and CGSC from around the globe (Meyer et al., 1999). They clustered these isolates into eight major molecular types, namely VNI (Serotype A), VNII (Serotype A), VNIII (Serotype AD), and VNIV (Serotype D) in CNSC; VGI, VGII, VGIII, and VGIV in CGSC (Meyer et al., 1999). These molecular types were later used for higher level taxonomy. Additionally, a unique molecular type (VNB) of CNSC, a new lineage of CGSC (VGV), and several hybrids between CNSC and CGSC have been found in recent years, all of which were at least partly based on data from PCR fingerprinting (Bovers et al., 2008a; Sidrim et al., 2010; Farrer et al., 2019).

Indeed, PCR fingerprinting using the M13 core sequence as a primer has become a major strain typing tool in the ongoing molecular epidemiological surveys of CNSC and CGSC. Although PCR fingerprinting requires high-quality DNA template and highly standardized conditions to ensure comparability among experiments and labs (Meyer et al., 1999), it combines the specificity of classical DNA hybridization fingerprinting with the speed and simplicity of the PCR reaction (Meyer et al., 1999; Kidd et al., 2004). Furthermore, PCR fingerprinting is of high reproducibility due to the high degree of homology between the primers and the template DNA, which allows the use of high annealing temperatures during the PCR amplification (Meyer and Mitchell, 1995). It is likely that PCR fingerprinting using the M13 core sequence as primer will remain a valuable technique in molecular epidemiological surveys of CNSC and CGSC.



Amplified Fragment Length Polymorphism

Amplified fragment length polymorphism (AFLP) is a powerful genotyping technique that can discriminate closely related strains and individuals in many groups of organisms, including microorganisms (Vos et al., 1995). This technique can quickly generate a large number of DNA fragments for any organism, with high degrees of reproducibility and discriminatory power (Janssen et al., 1996; Savelkoul et al., 1999; Paun and Schönswetter, 2012). Briefly, AFLP is a PCR-based molecular technique that uses selective amplification of a subset of restriction enzyme digested DNA fragments from any source to generate and compare unique electrophoretic patterns among genomes (Sheeja et al., 2021). Thus, AFLP requires limited amounts of materials but combines the advantages of both RFLP and RAPD in terms of reproducibility and resolution (Janssen et al., 1996; Savelkoul et al., 1999; Paun and Schönswetter, 2012). In addition, it does not require any prior genome information (Sheeja et al., 2021). Overall, despites its higher labor intensity and higher cost than other methods such as RFLP, RAPD and PCR-fingerprinting, the AFLP technique is generally more discriminatory than other molecular typing methods (Savelkoul et al., 1999; Paun and Schönswetter, 2012; Grover and Sharma, 2016). Moreover, several previous studies suggested that the AFLP technique could be used for linkage mapping and for locating genomic regions within the CNSC and CGSC genomes that are related to pathogen virulence, drug susceptibility, and human immune responses (Wiesner et al., 2012; Thompson et al., 2014). Since the 1990s, Boekhout et al. and Hagen et al. have also reported the use of AFLP markers in studies on the taxonomy, molecular epidemiology, genetic diversity, phylogenetic analysis, etc. of the human pathogenic Cryptococcus (Kidd et al., 2004; Hagen et al., 2010; Day et al., 2011; Pakshir et al., 2018; van de Wiele et al., 2020).

Similar to PCR fingerprinting, the AFLP technique has been commonly used for epidemiological studies on CNSC and CGSC. Compared to PCR fingerprinting, AFLP has more discriminating power in epidemiological studies of CNSC and CGSC (Ngamskulrungroj et al., 2009; Hagen et al., 2015). For example, a total of 11 AFLP major types have been identified within the human pathogenic Cryptococcus (Hagen et al., 2015), including AFLP1 (CNSC, Serotype A, VNI) (Franzot et al., 1999), AFLP1A (CNSC, Serotype A, VNII/VNB) (Franzot et al., 1999), AFLP1B (CNSC, Serotype A, VNII), AFLP2 (CNSC, Serotype D, VNIV), AFLP3 (CNSC, Serotype AD, VNIII), AFLP4 (CGSC, VGI), AFLP5 (CGSC, VGIII), AFLP6 (CGSC, VGII), AFLP7 (CGSC, VGIV), AFLP8 (CNSC VNIV × CGSC VGI, hybrid) (Bovers et al., 2006), AFLP9 (CNSC VNI × CGSC VGI, hybrid) (Bovers et al., 2008b), AFLP10 (CGSC, VGIV/VGIIIc) (Springer et al., 2014; Trilles et al., 2014), AFLP11 (CNSC VNI × CGSC VGII, hybrid) (Aminnejad et al., 2012). Furthermore, strains’ AFLP patterns have shown overall concordance with results from other strain typing methods such as serotyping, RAPD and PCR fingerprinting among isolates of CNSC and CGSC. For instance, AFLP markers clustered isolates of CNSC and CGSC into the same eight major molecular types as PCR fingerprinting, namely AFLP1 (=VNI), AFLP1A/AFLP1B (=VNII), AFLP2 (=VNIII), and AFLP3 (=VNIV) in CNSC; AFLP4 (=VGI), AFLP5 (=VGIII), AFLP6 (=VGII), and AFLP7 (=VGIV) in CGSC (Meyer et al., 1999; Bovers et al., 2008a; Hagen et al., 2015). AFLP markers contributed to the identification of rare but unique hybrids and to our overall understanding of the diversity and distribution of the human pathogenic Cryptococcus. One drawback of AFLP is that DNA banding patterns on gels can be difficult to compare between results from different labs and that fragments of the same size may not be homologous, i.e., containing the same DNA sequences. A summary comparison of results between AFLP with other strain typing methods regarding the major molecular type identifications of the human pathogenic Cryptococcus is shown in Table 2.


Table 2 | Summarized classification of CNSC and CGSC based on different molecular markers.





Multilocus Microsatellite Typing

Multilocus microsatellite typing (MLMT) is a common genotyping method for population genetics and molecular ecology studies of many eukaryotic species, including fungi. MLMT has been used to analyze CNSC and CGSC (De Valk et al., 2007; Karaoglu et al., 2008; Illnait-Zaragozi et al., 2010; Rudramurthy et al., 2011; Pan et al., 2012). Microsatellites (also referred to as short tandem repeats, STRs) are genomic sequences consisting of tandemly repeated short motifs up to 6 nucleotides, which are abundantly present in the genomes of most eukaryotes, including eukaryotic microorganisms. Due to the higher mutation rate of the short repeats during DNA replication (due to strand slippage) than base substitutions, microsatellite markers are especially powerful for analyzing recently expanding populations of organisms (Van Belkum et al., 1998). Microsatellite analysis is usually performed in two steps: (i) amplification of STR loci by PCR and (ii) detection and sizing of amplification products followed by the assignment of repeat numbers. Assignment of repeat numbers is established by comparing the relative electrophoretic mobility of the fragments to the mobility of reference fragments with established repeat numbers (De Valk et al., 2007).

The application of MLMT to analyze CNSC and CGSC samples has resulted in the identification of a large number of genotypes within both CNSC and CGSC (Garcia-Hermoso et al., 2010; Prakash et al., 2020). The power of MLMT in strain discrimination was also shown in a recently emerged human fungal pathogen Candida auris where results based on MLMT markers showed similar discrimination power as that based on single nucleotide polymorphisms at the whole genome level (De Groot et al., 2020). Different from RAPD, PCR-finger printing and AFLP, MLMT marker polymorphisms can be directly compared among labs. For example, an MLMT analysis based on 426 Asian clinical CNSC isolates showed a different distribution of genotypes of CNSC isolates from various countries in Asia. The study also identified a correlation between microsatellite genotypes with the original source of strains and their susceptibilities to 5-flucytosine (Pan et al., 2012). Another MLMT analysis of 523 CNSC isolates collected from India showed that environmental isolates were genetically more diverse than clinical isolates (Prakash et al., 2020). However, an MLMT study based on 89 CNSC isolates from Brazil found no differences in antifungal susceptibility and capsule size between major environmental and clinical MLMT types (Zhu et al., 2010). In general, MLMT provides cost-effective genotyping with fast turn-around times and on an individual locus basis, is generally much more discriminatory than MLST. However, there is no global public database for CNSC and CGSC based on MLMT markers. The establishment of such a centralized database would increase its adoption by more researchers and consequently increase our understanding of the recent evolution, gene flow, and epidemiology of the human pathogenic Cryptococcus.



Single Locus and Multilocus Sequence Typing

Revolutions in DNA sequencing techniques have taken the discovery and application of molecular markers to high-throughput and ultrahigh-throughput levels for a variety of studies (Grover and Sharma, 2016). Sequencing single DNA fragments such as the internal transcribed spacer (ITS) region and the intergenic spacer region (IGS) of the ribosomal RNA gene cluster have been broadly used to identify fungal species and strains. For the human pathogenic Cryptococcus, ITS, IGS, the RPR8 gene, and the mitochondrial cytochrome b gene have been commonly used for species and lineage identifications (Diaz et al., 2000; Butler and Poulter, 2005; Diaz et al., 2005). Indeed, ITS region sequence is the universal DNA barcode for fungal species identification, including in many instances for investigating intra-specific variations among strains from different geographic regions and ecological niches (Schoch et al., 2012). Compared to the limited variations in ITS sequences among molecular types within CNSC (Katsu et al., 2004), IGS sequences are more variable with variations represented by nucleotide base substitutions and the presence of long insertions/deletions (indels) (Diaz et al., 2000; Diaz et al., 2005). Some of the differences between IGS and ITS with regard to variations in CNSC are shown in Table 2. The pros and cons of using single locus sequences for species and strain identifications have been extensively discussed (Xu, 2016; Xu, 2020).

The limited variation at an individual locus such as ITS and IGS within some species can be overcome by sequencing multiple loci located in different parts of the genome. Indeed, MLST is a commonly used method for genotyping strains of many common human microbial pathogens. With the use of sequence information from multiple loci, MLST can provide high discriminatory power and allow reproducible results to be shared among laboratories. The first MLST study of the human pathogenic Cryptococcus was published in 2000 (Xu et al., 2000b). Since then, MLST has been applied to many studies on the epidemiology of CNSC and CGSC (Sugita et al., 2001; Taylor and Fisher, 2003; Fraser et al., 2005; Litvintseva et al., 2006). For example, both single locus and multilocus sequence typing of serotype AD strains identified that these strains were recent hybrids and revealed evidence for sexual reproduction in natural populations of both the VNI (serotype A) and VNIV (serotype D) lineages within CNSC (Xu et al., 2002; Xu and Mitchell, 2003).

Early MLST studies of the human pathogenic Cryptococcus often sequenced different loci and resulted in inconsistent numbers and nomenclatures of those sub-groups (Sugita et al., 2001; Bovers et al., 2008b). Consequently, there were difficulties in comparing epidemiological results among studies. In 2009, the International Society for Human and Animal Mycology (ISHAM) Cryptococcus Working Group agreed upon MLST using seven loci: CAP59, GPD1, LAC1, PLB1, SOD1, URA5 and IGS1 region as the standardized genotyping approach (Meyer et al., 2009). The application of a standardized set of loci for sequence typing of strains led to an expanding dataset and the establishment of a reference database from which future studies could continuously build on (https://mlst.mycologylab.org/). MLST analyses based on the shared DNA sequences provided a comprehensive view on the global distribution of genotypes (Litvintseva et al., 2006; Bovers et al., 2008b; Ngamskulrungroj et al., 2009), including unique clades and sub-clades within CNSC and CGSC in specific regions in the world (Chowdhary et al., 2011; Beale et al., 2015). For example, MLST analysis detected higher genetic diversity in the South African C. neoformans var. grubii isolates than those from other geographic regions, which led to the ‘Out of Africa’ hypothesis for the origin and dispersal of C. neoformans var. grubii around the globe (Litvintseva et al., 2011; Simwami et al., 2011; Litvintseva and Mitchell, 2012). In addition, MLST analyses identified that the East Asian clinical population of C. neoformans var. grubii was highly clonal and dominated by one sequence type ST5 and its closely related sequence types (Simwami et al., 2011; Khayhan et al., 2013; Dou et al., 2015; Fan et al., 2016; Day et al., 2017; Chen et al., 2018; Hong et al., 2019). For CGSC, comparisons of genetic diversity of isolates from different locations based on MLST analyses indicated northern Brazil was likely the source for the global expansion of the VGII lineage, including for strains causing the outbreak in the Pacific Northwest of North America (Hagen et al., 2013; Souto et al., 2016), and revealing a possible introduction of Australian VGII into Vancouver Island in western Canada (Fraser et al., 2005; Byrnes et al., 2009; Byrnes et al., 2010). Moving forward, MLST will continue to be a major strain typing method for epidemiological studies of the human pathogenic Cryptococcus.



MALDI-TOF MS

Aside from the DNA fragment-based sequencing and targeted protein-based molecular strain typing methods described above, there is another common molecular method for identifying fungal species called matrix-assisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF MS). This method is based on species-specific spectra of the masses of peptides and proteins in colonies of microbial cells. It was first developed for bacterial identification (Claydon et al., 1996; Krishnamurthy and Ross, 1996) and subsequently extended to fungal identification (Li et al., 2000; Van Veen et al., 2010; Alshawa et al., 2012; De Carolis et al., 2012). MALDI-TOF MS has become a rapid, easy-to-use, and inexpensive method for identifying clinically important microorganisms (Claydon et al., 1996; Krishnamurthy and Ross, 1996; Seng et al., 2009). Indeed, this technology has been used to identify hundreds of CNSC and CGSC strains isolated from both humans and animals (Firacative et al., 2012; Posteraro et al., 2012; Jin et al., 2020; Zvezdanova et al., 2020; Florek et al., 2021). In a recent study, an expanded database allowed the MALDI-TOF MS technology to separate the two major lineages within CNSC, VNI (C. neoformans) and VNIV (C. deneoformans), including identifying most of their hybrids (VNIII) when the authors used a hierarchical clustering approach and focused on five selected biomarkers in the dataset (Zvezdanova et al., 2020). However, the reproducibility of MALDI_TOF MS for either lineage or strain identifications have not been critically evaluated by different labs for the same set of strains.

In addition to (potentially) allow direct identification of pathogens based on protein profiles, MALDI-TOF MS holds great promise for diagnosing and genotyping pathogenic fungal species based on other cellular molecules. For example, due to their essential roles in cell integrity, growth, and reproduction, lipids such as membrane phospholipids are found in all cellular organisms, including strains of CNSC and CGSC. However, different fungal species and strains can differ in their lipid profiles, thus making lipids a promising group of molecules to potentially serve as biomarkers for taxonomic and metabolic characterization of fungal pathogens (Stübiger et al., 2016). For example, because fungal membrane lipids such as ergosterol are targets of several commonly used antifungal drugs, lipid analysis can potentially help identify medically important features such as antifungal resistance among clinical strains, thus benefiting patient treatments. Overall, due to its simplicity, high efficiency and increasing availability, the MALDI-TOF MS technology can be a valuable tool for molecular lineage identification within CNSC and CGSC, and thus representing a potential future alternative for screening drug susceptibilities among strains.



Whole-Genome Sequence Typing (WGST)

With rapidly falling cost, whole genome sequencing typing (WGST) has been applied for epidemiological studies of a variety of organisms, including for CNSC and CGSC. Compared to epidemiological studies of CNSC and CGSC utilizing other strain typing methods, whole-genome sequencing is capable of capturing the complete genetic variation, including single nucleotide polymorphisms, insertions and deletion, gene copy number variations, and genome structural rearrangements. However, to reveal all of the above genetic variations, very high sequence coverages employing sequencing platforms capable of generating both short and long sequence reads are needed. At present, most epidemiological surveys of microbial pathogens using the whole-genome sequencing approach rely on the Illumina MiSeq or HiSeq platforms to obtain short-read DNA sequences. Such short reads at greater than 50X coverage are generally sufficient for robust identification of SNPs for inferences of strain relationships and epidemiological patterns (Beale et al., 2015; Cuomo et al., 2018).

However, for most genomic epidemiological comparisons to be informative, well-annotated reference genome assemblies are generally needed. Fortunately, within the human pathogenic Cryptococcus, reference genomes representing C. neoformans var. grubii (VNI, VNII, VNB) and var. neoformans (VNIV), and each of the five molecular types of CGSC (VGI, VGII, VGIII, VGIV and VGV) are available (Fraser et al., 2005; Galagan et al., 2005; Loftus et al., 2005; D’souza et al., 2011; Janbon et al., 2014; Farrer et al., 2015; Rhodes et al., 2017a). Indeed, to date, three C. neoformans var. neoformans genomes, 58 C. neoformans var. grubii genomes and 7 CGSC genomes have been assembled and annotated, providing nearly complete catalogs of genes within both CNSC and CGSC (Table 2). These genome assemblies provide genomic resources for the community and enable a wide array of downstream studies. Genome sequence comparisons between different molecular types of CGSC revealed a sequence divergence of >3% among the major lineages and molecular types (D’souza et al., 2011; Farrer et al., 2016). In addition to the average nucleotide identity in among the genomes, there were several other notable findings. For example, gene structure comparisons revealed that genes of CNSC have more introns with more alternative splicing (Loftus et al., 2005; Janbon et al., 2014) than those of CGSC (Farrer et al., 2016). In addition, strains of the VGII clade responsible for the cryptococcal outbreak on Vancouver Island seemed to have lost the genes involved in RNA interference (Loftus et al., 2005; Janbon et al., 2014). Furthermore, these well-annotated reference assemblies have enabled the construction of functional genomic resources, such as a deletion collection of C. neoformans var. grubii genes in the H99 strain background (Liu et al., 2008). Such resources make it easier for the community to studying the relationships between specific genes and phenotypic differences between strains and populations.

In addition to revealing the similarities and differences among natural strains from within and between different lineages, whole genome sequencing can help identify microevolution of infecting strains within patients by comparing cryptococcal genomes at initial presentation and later such as during relapse of infection (Ormerod et al., 2013; Chen et al., 2017; Rhodes et al., 2017a). For example, in one study, the deletion of a transcriptional regulator and changes in the copy number of genes on chromosome 12 were found between a pair of initial and relapse isolates, with such changes correlated with marked virulence-related phenotypic differences between the strains (Ormerod et al., 2013). Similarly, based on genome sequencing of 38 initial and relapse isolates from 18 patients, specific mutations were found in genes involved in growth at 39°C, stress response, and capsule production (Chen et al., 2017). Indeed, microevolution studies have revealed that clinical isolates are capable of rapid adaptation through hypermutation, frequently due to mutations in mismatch repair gene MSH2 in CGSC (Billmyre et al., 2014; Billmyre et al., 2017) and CNSC (Boyce et al., 2017; Rhodes et al., 2017a).

With the increasing availability of whole genome sequencing, both CNSC and CGSC have now had hundreds of individual isolates sequenced, providing fine-scale insights into their evolution and diversification (Desjardins et al., 2017; Rhodes et al., 2017b; Vanhove et al., 2017; Ashton et al., 2019). Population genomic methods, such as principal component analysis (PCA), admixture analysis and phylogenetic analysis based on whole genome sequencing, are playing an increasingly important role in clustering cryptococcal isolates and tracing the origin of individual strains and/or groups of strains (Billmyre et al., 2014; Engelthaler et al., 2014; Desjardins et al., 2017). In combination with other methods, population genomics can help identify genes related to the evolution of virulence and pathogenicity, including putative novel drug targets (Farrer et al., 2015; Desjardins et al., 2017).

For CGSC, genome-level phylogenetic studies have suggested VGII strains, the main strains responsible for the cryptococcal outbreak in the Pacific Northwest of North America, can be divided into three main subgroups: VGIIa, VGIIb and VGIIc. Furthermore, the analyses provided evidence that the main outbreak lineage might have an origin in South America (Billmyre et al., 2014; Engelthaler et al., 2014). In addition, whole-genome comparisons recently revealed a new lineage of CGSC isolates (VGV) in Zambia (Farrer et al., 2019). For CNSC, a recent population genomic study found evidence for two sub-lineages within VNB, VNBI and VNBII. Such a finding helped reveal phenotypic differences between these two subgroups (Desjardins et al., 2017). Though there were some differences, results from mitochondrial exon sequence analyses were largely consistent with the existence of two subgroups VNBI and VNBII within VNB, as inferred based on nuclear genome SNPs (Wang and Xu, 2020). However, the distributions of mitochondrial introns were quite mixed within CNSC, suggesting their frequent gains and losses during evolution (Wang and Xu, 2020). Several population genomic studies have found a highly clonal cluster of VNI isolates capable of infecting HIV-negative patients in east Asia (Day et al., 2017; Ashton et al., 2019). Multidrug transporters, aconitases (iron-sulfur proteins), capsule genes, heat-shock proteins and protein kinases were found to be under positive selection in multiple sub-lineages of CGSC, which suggested that these genes might play an important role in the adaptation of CGSC isolates to host environments (Farrer et al., 2015; Farrer et al., 2016). Finally, the large number of publicly available genomes provides a fertile ground for genome-wide association studies (GWAS) between genetic variants and phenotypic differences among strains. A recent GWAS study found that the loss-of-function mutation in the transcription factor BZP4 was linked to melanization capacity among VNB isolates (Desjardins et al., 2017).

Overall, epidemiological studies utilizing whole genome sequencing have significantly improved our understanding of genetic divergence between lineages, gene flows across geographic regions, and gene gains and losses during the evolution of different lineages within both CNSC and CGSC. However, as mentioned above, most currently available genome sequences of CNSC and CGSC strains were generated using the short-read Illumina platforms, the quality and utility of which could be affected by sequencing depth, library preparation chemistry, and sequencing bias (Rhodes et al., 2014). Previous studies have shown that most cryptococcal assemblies generated from the Illumina platform contain many sequencing gaps, making it difficult to infer chromosomal structural polymorphisms in these genomes (Day et al., 2017; Rhodes et al., 2017b). In the future, the incorporation of long reads generated by Pacific Biosciences or Oxford Nanopore Technologies will allow more complete genome assemblies and provide robust foundations for other types of genomic comparisons such as chromosomal reversions and translocations (Van Der Straaten, 2015; Cuomo et al., 2018).



Conclusions and Future Directions

Our literature review above showed that many molecular techniques have been successfully used for Cryptococcus epidemiological studies. Over the past 30 years, we have seen a rapid development of strain typing methods to differentiate species and strains of this group of important human fungal pathogens (Figure 1). These studies have helped resolve species boundaries, identify hybrids, reveal both local and global genetic diversities and gene flows, and pinpoint specific mutations accumulated during the microevolution of strains within patients. As shown above, all techniques have helped improve our understanding of cryptococcal epidemiology and each technique has its advantages and limitations (Table 1). For example, though relatively crude, PCR fingerprinting and AFLP analysis established the most widely used taxonomy and nomenclature system for CNSC and CGSC. Though there are still controversies (Hagen et al., 2015; Hagen et al., 2017; Kwon-Chung et al., 2017), the applications of more precise molecular typing methods, especially WGST have moved the taxonomy and nomenclature system to become increasingly clear for the human pathogenic Cryptococcus. Resolution of the controversies in these organisms could potentially serve as a model for other fungal species (Xu, 2020). For cryptococcal epidemiological studies, we expect the increasing use of MLST, MLMT, MALDI-TOF MS, and WGST in the future with different methods serving slightly different but complementary purposes.
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Background

The incidence of invasive candidiasis is increasing worldwide. However, the epidemiology, antifungal susceptibility, and virulence of Candida spp. in most hospitals remain unclear. This study aimed to evaluate invasive candidiasis in a tertiary care hospital in Nanchang City, China.



Methods

MALDI-TOF MS and 18S rDNA ITS sequencing were used to identify Candida strains. Randomly amplified polymorphic DNA analysis was used for molecular typing; biofilm production, caseinase, and hemolysin activities were used to evaluate virulence. The Sensititre™ YeastOne YO10 panel was used to examine antifungal susceptibility. Mutations in ERG11 and the hotspot regions of FKS1 of drug-resistant strains were sequenced to evaluate the possible mechanisms of antifungal resistance.



Results

We obtained 110 Candida strains, which included 40 Candida albicans (36.36%), 37 C. parapsilosis (33.64%), 21 C. tropicalis (19.09%), 9 C. glabrata (8.18%), 2 C. rugose (1.82%), and 1 C. haemulonii (0.91%) isolates. At a limiting point of 0.80, C. albicans isolates could be grouped into five clusters, C. parapsilosis and C. tropicalis isolates into seven clusters, and C. glabrata isolates into only one cluster comprising six strains by RAPD typing. Antifungal susceptibility testing revealed that the isolates showed the greatest overall resistance against fluconazole (6.36%), followed by voriconazole (4.55%). All C. albicans and C. parapsilosis isolates exhibited 100% susceptibility to echinocandins (i.e., anidulafungin, caspofungin, and micafungin), whereas one C. glabrata strain was resistant to echinocandins. The most common amino acid substitutions noted in our study was 132aa (Y132H, Y132F) in the azole-resistant strains. No missense mutation was identified in the hotpot regions of FKS1. Comparison of the selected virulence factors detectable in a laboratory environment, such as biofilm, caseinase, and hemolysin production, revealed that most Candida isolates were caseinase and hemolysin producers with a strong activity (Pz < 0.69). Furthermore, C. parapsilosis had greater total biofilm biomass (average Abs620 = 0.712) than C. albicans (average Abs620 = 0.214, p < 0.01) or C. tropicalis (average Abs620 = 0.450, p < 0.05), although all C. glabrata strains were either low- or no-biofilm producers. The virulence level of the isolates from different specimen sources or clusters showed no obvious correlation. Interesting, 75% of the C. albicans from cluster F demonstrated azole resistance, whereas two azole-resistant C. tropicalis strains belonged to the cluster Y.



Conclusion

This study provides vital information regarding the epidemiology, pathogenicity, and antifungal susceptibility of Candida spp. in patients admitted to Nanchang City Hospital.





Keywords: Candida species, RAPD, caseinase, hemolysin, biofilm, antifungal susceptibility



Introduction

Fungal infections in humans are relatively common and range from common or mild superficial infections to life-threatening invasive infections. In recent years, the widespread use of broad-spectrum antibiotics, hormones, immunosuppressive agents, chemotherapy, and central venous catheters have led to an increase in the incidence of invasive fungal infections. More than 1.6 million people worldwide have been reported to suffer from serious fungal diseases that have a profound impact on patients and can even be fatal (Bongomin et al., 2017).

Infections caused by Candida spp. can be divided into superficial, cutaneous, mucosal, and invasive infections (deep and extensive). Up to date, Candida spp. have become the third most common cause of bloodstream infections, including candidemia (Wisplinghoff et al., 2004). Candida albicans is responsible for approximately 50% of all candidiasis, and the other species account for the remaining Candida infections. Specifically, infections caused by C. tropicalis, C. glabrata, C. parapsilosis, C. krusei, and C. auris have attracted significant scientific attention (Mba and Nweze, 2020). Invasive candidiasis has been attributed to 40%–50% mortality in intensive care units (ICUs) (De Rosa et al., 2009). Candidemia is currently the fourth most common nosocomial bloodstream infection in America (Wisplinghoff et al., 2004; Li et al., 2016). In Europe, the incidence of candidemia was estimated to be approximately 79 cases per day, of which 29 patients were estimated to have a fatal outcome on Day 30 (Koehler et al., 2019).

As the mortality rate in candidiasis is high, identifying the relationship among the various Candida species and assessing disease epidemiology, species distribution, and drug resistance to facilitate the control of nosocomial candidiasis is crucial. This study describes the results from an analysis of 110 Candida strains isolated from sterile body fluid samples obtained between 2014 and 2019 from patients in a tertiary hospital in Nanchang City. Candida spp. in the samples were identified, tested, and analyzed to evaluate the prevalence of Candida infection and determine virulence profiles.



Materials and Methods


Strains

This retrospective study was conducted between September 2014 and September 2019. Candida spp. were isolated from sterile fluid samples (i.e., blood, ascites, bile, secretions, and abscess) of patients admitted in the First Affiliated Hospital of Nanchang University, China. The ethics committee of the university hospital approved this study (approval no. 2014036).



Separation and Identification

The desired strains were isolated and purified on Sabouraud’s dextrose agar (SDA; 1% peptone, 4% dextrose, and 2% agar) plates and cultured at 30°C for 24 h. The first crucial step in our study is the correct identification of the Candida species. The strains were initially identified by MALDI-TOF mass spectrometry analyses using a Clin-ToF-II mass spectrometer (Bioyong, China). To ensure accuracy, 18S rDNA ITS sequencing was performed for further identification. Briefly, the contiguous ITS1-5.8S rDNA-ITS2 region was amplified with the universal fungal primers ITS1 (5′-TCCGTAGGTGAACCTGCGG-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) (Salehi et al., 2017). PCR reactions were performed using the Bio-Rad S1000 thermal cycler in 50 μL volumes containing 1 μL of extracted DNA, 47 μL of T3 Super PCR mix (TSINGKE, China), and 1 μL of each ITS1 and ITS4 primers. Amplification was performed with cycles of 3 min at 98°C for primary denaturation, followed by 35 cycles at 98°C (10 s), 55°C (10 s), and 72°C (20 s), along with a final extension at 72°C for 5 min. The PCR amplification products were sequenced by Tsingke Biological Company (Changsha, China). The sequences were analyzed using the NCBI BLAST searches (http://blast.ncbi.nlm.nih.gov/Blast.cgi).



Randomly Amplified Polymorphic DNA Analysis

DNA from individual strains was extracted as described by Jain et al. but with certain modifications (Jain et al., 2001). Briefly, overnight-cultured Candida strains were harvested via centrifugation at 12000 rpm after washing with sterile PBS, and the precipitate was resuspended in 100 μL STES buffer (0.2 M Tris-HCl, 0.5 M NaCl, 0.1% SDS, and 0.01 M EDTA, pH = 8.0) and 20 μL TE buffer (0.01 M Tris-HCl and 0.001 M EDTA, pH = 8.0). Acid-washed glass beads (Sigma-Aldrich, USA) and 120 μL phenol–chloroform–isoamyl alcohol mixture (25:24:1 v/v/v) were added to lyse cells and release DNA. After 10 min of vortexing, lysates were centrifuged at 12000 rpm and 4°C for 10 min. DNA from the aqueous phase was precipitated with 2 times the volume of absolute ethanol at −20°C for 15 min, centrifuged at 12000 rpm and 4°C for 10 min, dried, and resuspended in 50 μL TE buffer. The concentration of nucleic acids was measured using a NanoDrop-2000 spectrophotometer (Thermo Fisher Scientific, USA).

Genomic DNA was amplified using previously described primers for five genes, namely, CD16AS (5′-CTCTTGAAACTGGGGAGACTTGA-3′), HP1247 (5′-AAGAGCCCGT-3′), ERIC-2 (5′-AAGTAAGTGACTGGGGTGAGCG-3′), OPE-3 (5′-CCAGATGCAC-3′), and OPE-18 (5′-GGACTGCAGA-3′) (Paluchowska et al., 2014). The primers used were synthesized by the Tsingke Biological Technology Company. Randomly amplified polymorphic DNA (RAPD) reactions were performed in a final volume of 50 μL, which included 1 μL of the DNA template (approximately 50 ng), 1 μL of each primer (10 μM), and the T3 Super PCR mix. Amplification reactions were performed for 40 cycles using a Bio-Rad S1000 thermal cycler under the following conditions: initial denaturation at 98°C for 3 min, followed by denaturation at 98°C for 10 s, annealing at 36°C for 1 min, and extension at 72°C for 2 min, along with a final extension at 72°C for 5 min. The DNA fragments were separated by electrophoresis in a 1% agarose gel run at 100 V for 30 min. Fragment sizes were determined by comparison with a DL5000 DNA Marker (Vazyme, China), and bands were visualized in the ChemiDocXRS+ system (Bio-Rad, USA). Similarity analysis of RAPD patterns was performed using NTSYS 2.10 software.



Drug Sensitivity Test

In vitro susceptibility of Candida strains to nine antifungal drugs, namely, 5-flucytosine, anidulafungin, caspofungin, itraconazole, micafungin, posaconazole, voriconazole, amphotericin B, and fluconazole, was determined using the Sensititre™ YeastOne YO10 panel (Thermo Scientific, USA) based on manufacturer’s instructions. C. krusei ATCC 6258 and C. parapsilosis ATCC 22019 were used as controls, as per the Clinical and Laboratory Standards Institute guidelines. Plates were incubated at 35°C for 24 h, and minimum inhibitory concentrations (MICs) were interpreted according to documents M27-A3 and M27-S4 (Institut, C.a.L.S 2008; Institute, C.a.L.S 2012).



Sequencing of ERG11 and FKS1

The entire open reading frame (ORF) of ERG11 from azole-resistant strains were amplified and sequenced with specific primers (Supplementary Table S1). The hotspot 1 (HS1) and hotspot 2 (HS2) sequences of FKS1 were amplified using PCR with specific primers shown in Supplementary Table S1 based on their key role in echinocandin resistance. Conventional PCRs were performed in a 50 μL reaction mixture containing 47 μL of T3 Super PCR mix, 0.2 μM of each primer, and 100 ng of the extracted DNA. The amplification conditions were as follows: initial denaturation at 98°C for 3 min followed by 35 cycles of denaturation (98°C, 10 s), annealing (52°C, 20 s), and extension (72°C, 5 min), followed by a final extension of 72°C for 10 min. The PCR products were purified and sequenced by the Tsingke Biological Technology Company. The ERG11 sequences were aligned using BLAST and compared with the related published GenBank sequence for C. albicans SC5314 (Gene ID: 3641571), C. parapsilosis ATCC 22019 (Gene ID GQ302972.1), C. tropicalis ATCC 750 (Gene ID: M23673), C. glabrata CBS138 (Gene ID: XM 445876), and C. haemulonis (Gene ID: XM_025486744.1). The FKS1 sequences were compared with the reference sequences of C. tropicalis ATCC 750 (Gene ID: EU676168) and C. glabrata (Gene ID: XM_446406).



Caseinase Activity

Caseinase activity was measured by the single diffusion technique in SDA plates containing 1% casein (Ramesh et al., 2011). A standard inoculum (106 cells/mL) was prepared in saline solution from an overnight yeast culture for each isolate and 10 μL of this standard inoculum was plated. Plates were incubated at 37°C for 5 days. Three independent replicates were tested for each strain. Colony diameter (a) and colony diameter plus precipitation zone (b) were measured using a vernier caliper (Guanglu, China). Phospholipase index (defined as Pz = a/b, based on the study by Price et al) was used to evaluate the extent of hydrolytic enzyme production by various Candida species (Price et al., 1982). According to this definition, a lower Pz value indicates a greater enzymatic activity, which was scored into four categories as follows: Pz = 1.00 was defined as no enzymatic activity, Pz = 0.90–0.99 as weak enzymatic activity, Pz = 0.89–0.70 as moderate activity, and Pz < 0.69 as strong enzymatic activity (Price et al., 1982).



Hemolysin Activity

Hemolysin assay for Candida strains was measured using blood agar plates that were prepared by adding 6% human blood to 100 mL of SDA supplemented with 3% glucose (final concentration, wt/vol; pH = 5.6) (Neji et al., 2017). Standard inoculum (10 μL of 106 cells/mL) was spotted onto the blood plates, plates were incubated at 37°C for 5 days, and hemolytic activity was measured and evaluated using the method described by Price et al. (1982). The assay was performed in triplicate for each isolate.



Biofilm Formation

Biofilm production in Candida species was evaluated using a modified crystal violet assay described elsewhere (Silva et al., 2009; Mancera et al., 2015; Neji et al., 2017). Briefly, biofilm formation was spectrophotometrically determined wherein each well of a 96-well polystyrene plate was treated with 200 μL of 5% BSA (dissolved in sterilized PBS) at 4°C for 48 h and washed once with sterile PBS. Each experimental condition was designed such that five replicates were distributed in one column of the microplate. Sterility controls, i.e., without cell suspension, were used as a negative control to ensure no accidental contamination during treatment. Clinical isolates and the control strain Sc5314 were first cultured on SDA plates at 30°C for 24 h and then in 5 mL SDA medium overnight at 30°C with shaking. Cells were collected by centrifugation at 2458 g for 5 min, washed twice with sterilized PBS, and resuspended in spider medium (20 g/L nutrient broth, 20 g/L mannitol, and 4 g/L K2HPO4; pH 7.2). The turbidity of each strain suspension was spectrophotometrically adjusted to OD600 = 0.5; 200 μL of the cell suspension (OD600 = 0.5) was transferred to each well of the 96-well plates, which were incubated at 37°C for 90 min. Next, the strain suspension was removed, 200 μL of fresh spider medium was added, and the plates were incubated at 37°C for 48 h without shaking (static culture). Plates were washed twice with PBS to remove nonadherent cells after the adhesion stage and biofilms were fixed by incubation with 200 μL methanol for 30 min. Afterward, the plates were dried at room temperature and 200-μL 1% crystal violet (Solarbio, China) was added to each well and incubated for 30 min. The wells were then gently washed with water until the washing was colorless and incubated with 200 µL of acetic acid for 1 h to dissolve the biofilm. The absorbance of the obtained solution was read at 620 nm in a microtiter plate reader (Molecular Devices, USA). Absorbance values of the controls were subtracted from test values to eliminate background interference.



Statistical Analysis

Data were analyzed with SPSS (version 25.0) and GraphPad Prism (version 5.0). Unless otherwise mentioned, data are presented as mean ± standard deviation (SD). The normality of data distribution was evaluated using the D’ Agostino-Pearson omnibus normality test. Differences between two independent groups were performed with the nonparametric Mann–Whitney U test or the Kolmogorov–Smirnov Z test for the relative values. A p value of ≤0.05 was defined as statistically significant.




Results


Prevalence of Invasive Candida spp. Isolates

A total of 105 patients were enrolled in this study. The study population comprised 77 (73.3%) males and 28 (26.7%) females with a median age of 53 years (range 0–87 years). Although most isolates were obtained from patients hospitalized in the ICU (n = 31, 28.18%), 26 (23.6%) came from the department of gastroenterology, 14 (12.73%) from the burns unit, 11 (10.0%) from emergency services unit, 5 (4.54%) from infectious diseases unit, 4 (3.6%) from the hematology department, and 17 (15.5%) from other non-ICU departments (Table 1). Overall, 22.9% (24/105) of the patients died, mainly from acute pancreatitis, which accounted for approximately 37.5% of all mortality cases. Antifungal use (oral or injected) was reported for 42.9% (45/105) of the patients. In our study, the most common antifungal drug used was fluconazole (44.4%, 20/45), followed by voriconazole (40.0%, 18/45) and caspofungin (15.6%, 7/45).


Table 1 | Distribution of Candida isolates by a source of isolation.



A total of 110 clinical isolates (40 C. albicans, 37 C. parapsilosis, 21 C. tropicalis, 9 C. glabrata, 2 C. rugose, and 1 C. haemulonii isolates) were studied (Figure 1). Each isolate was obtained from different patients, with the following exceptions: C. albicans NCU_B040, NCU_B049, and NCU_B059, and C. tropicalis NCU_B047 and NCU_B050 strains, were acquired from the blood of one patient and three strains of C. glabrata (NCU_B103, NCU_O109, and NCU_O145) were isolated from different source sites of the same patient.




Figure 1 | Species distribution of 110 clinical isolates. The 110 Candida strains analyzed included 40 C. albicans (36.36%), 37 C. parapsilosis (33.64%), 21 C. tropicalis (19.09%), 9 C. glabrata (8.18%), 2 C. rugose (1.82%), and 1 C. haemulonii (0.91%) isolate.



Sources of the 110 isolates (Table 2) were predominantly blood (n = 64, 58.18%), followed by catheter tips (n = 9, 8.18%) and drainage fluid (n = 17, 15.45%), and also included abscesses (1.82%), secretions (1.82%), and other sources (14.55%). Furthermore, as shown in Table 2 and Figure 2, C. albicans could be isolated from a wider range of specimens than other species. However, C. haemulonii and C. rugose were isolated only from blood.


Table 2 | Comparison of the virulence factors among Candida strains isolated from different sources (mean optical density ± SD).






Figure 2 | Dendrogram presenting the genetic relatedness of 107 Candida spp. based on the random amplified polymorphic DNA (RAPD) data. The virulence factors (i.e., caseinase, hemolysin, and biofilm), drug resistance, and specimen sources are indicated in the figure. The vertical line divides the strains based on the level of genetic similarity into related and unrelated strains. The red boxes indicate azole resistance (fluconazole and voriconazole), whereas the blue boxes indicate azole-susceptible (S) dose dependence (SDD). Red ellipses represent resistance to echinocandins, while the blue ellipses represent intermediate resistance to micafungin. (A) Dendrogram of 40 C. albicans isolates. (B) Dendrogram of 37 C. parapsilosis isolates. (C) Dendrogram of 21 C. tropicalis isolates. (D) Dendrogram of 9 C. glabrata isolates.





Molecular Phylogenetic Analysis of the Invasive Candida Spp. Isolates

To explore the diversity of the isolated Candida spp., RAPD analysis of the four major species of clinical isolates was performed with five random primers using the UPGMA method. C. rugose and C. haemulonii strains were not analyzed because of their low isolation rates. The number of patterns generated by C. albicans, C. parapsilosis, C. tropicalis, and C. glabrata isolates with each primer changed between 3–10, 4–12, 3–10, and 6–10, respectively. All primers were used for the dendrogram construction.

We recognized 32 distinct RAPD profiles among the 40 C. albicans isolates analyzed. Figure 2A shows the cluster analysis of the electrophoretic bands of the C. albicans isolates, and the Sj value ranged from 0.58 to 1.00. Four strains presented unique patterns (C1, G1, H1, and I1) and were considered to be unrelated. At a limiting point of 0.80, 36 C. albicans isolates could be allocated into five clusters (A, B, and D–F). For C. parapsilosis, the primers produced up to 12 bands, and therefore, this set displayed the greatest discriminatory power. In their dendrogram, C. parapsilosis isolates could be grouped into seven clusters (K–P, and R) when 0.80 was assumed as the limiting value, whereas three isolates (NCU_B023, NCU_O082, and NCU_B148) were deemed unrelated (Figure 2B). Among the 21 C. tropicalis isolates, 18 RAPD profiles could be distinguished, and they were accommodated into seven clusters (T–Z) (Figure 2C). Six genotypes (a1– a3, b1, c1, and d1) were observed upon the RAPD analysis of the nine C. glabrata isolates. A total of 6 C. glabrata isolates with a similarity level >80% were allocated into the same cluster; of these, NCU_B103, NCU_O109, and NCU_O145 were different sites of the same patient and were grouped in the same cluster. Three genotypes (b1, c1, and d1) were represented by only one isolate each, and they were considered unrelated (Figure 2D).



Antifungal Susceptibility for the Invasive Candida spp. Isolates

Table 3 shows the susceptibility profiles of the Candida species to the nine antifungal drugs tested. MICs were also determined for two rare yeast species (one C. haemulonii and two C. rugose isolates); however, fewer than five isolates were studied for these two Candida spp. Furthermore, drug-resistant strains of C. haemulonii and C. rugose could not be accurately determined because of a lack of validated clinical breakpoints. Nevertheless, on the basis of CLSI document M27-S4, we found that nine isolates were resistant to azoles. The MIC90 values for fluconazole were 1–2, 1, 4, and 32 μg/mL for C. albicans, C. parapsilosis, C. tropicalis, and C. glabrata, respectively. MIC90 values for voriconazole, itraconazole, and posaconazole were in the range of ≤0.08–1, 0.12–1, and 0.06–2 μg/mL, respectively, for C. albicans, C. parapsilosis, C. tropicalis, and C. glabrata, respectively. In addition, MIC for fluconazole ranged from 4 to 16 μg/mL for C. rugose isolates, whereas that for C. haemulonii was high at 128 μg/mL. MIC90 values of echinocandins (anidulafungin, caspofungin, and micafungin) against C. parapsilosis were higher than those for C. albicans, C. tropicalis, and C. glabrata.


Table 3 | Minimum inhibitory concentration values (μg/mL) for the Candida isolates.



Table 4 shows the overall drug susceptibility pattern of these four Candia species against the five antifungal drug types tested. All C. albicans and C. parapsilosis isolates exhibited 100% of susceptibility to echinocandins, whereas one strain of C. glabrata was resistant (Table 4). Overall resistance was greatest against fluconazole (6.36%), followed by voriconazole (4.55%). As far as species-specific antifungal resistance rates were concerned, C. tropicalis was resistant to almost all drugs tested (except for caspofungin), with the least resistance rate of 4.76%. Isolates of C. tropicalis were susceptible to fluconazole and voriconazole with sensitivity rates of 80.95% and 61.90%, respectively. It is worth noting that the current data were insufficient for distinguishing between drug-resistant and -sensitive strains of C. glabrata based on the CLSI document M27-S4 (Institute, 2012). One (11.11%) of the nine C. glabrata strains was resistant to echinocandins, and all C. glabrata isolates met the criteria for “susceptible-dose dependence (S-DD)” for fluconazole (Table 4).


Table 4 | Antifungal susceptibility testing results of four main Candida species against five antifungal drugs.





Mutations In ERG11 and the HS Regions of FKS1

Comparison of the complete ORF of ERG11 of the eight isolates with that of the published wild-type sequences revealed 12 mutations, of which five were silent without any amino acid changes (data not shown). Seven missense mutations were detected in these seven strains. Of the seven distinct amino acid substitutions identified, three (i.e., A114S, Y132H, and Y132F) have been reported previously (Morio et al., 2010). One strains (NCU_O080) only showed a synonymous mutation. Mutations in ERG11 and the resultant amino acid changes are indicated in the Table 5. DNA sequencing of HS1 and HS2 of the drug target FKS1 that is known to confer echinocandin resistance was performed on one C. tropicalis isolate (NCU_O081) and one C. glabrata isolate (NCU_B131). However, no mutation was detected in the hotspot regions of FKS1 (Supplementary Table 2).


Table 5 | Polymorphic sites in ERG11 sequences.





Virulence Evaluation of the Invasive Candida spp. Isolates

Several virulence factors are involved in the pathogenesis of candidiasis, and they allow the fungal cells to escape or evade host defense mechanisms. These include phenotypic switching, biofilm formation, and secretion of multiple hydrolases (Neji et al., 2017). We investigated three virulence factors, namely, biofilm, caseinase, and hemolysin.


Caseinase Activity

All 110 isolates were caseinase positive and 109 displayed strong activity. The mean Pz value in caseinase-positive C. albicans and C. parapsilosis isolates was 0.34 ± 0.06 and 0.47 ± 0.10, respectively, indicating a lower enzymatic activity in C. parapsilosis than that in C. albicans (Table 2 and Figure 2). Of the 37 C. parapsilosis isolates, 36 displayed strong enzymatic activity, whereas one had moderate activity. All C. tropicalis (mean Pz = 0.40 ± 0.11) and C. glabrata isolates (mean Pz = 0.32 ± 0.02) were strong caseinase producers. No appreciable difference was noted in the caseinase activity from any of the specimen sources (Figure 3).




Figure 3 | Virulence level (biofilm biomass, caseinase activity, and hemolysin activity) of the 107 Candida species isolates from different specimen sources. Y-axis (far left panel): biofilm biomass (positively correlated with virulence); Y-axis (far right panel): the Pz values of caseinase and hemolysin activities (negatively correlated with virulence). No significant differences were noted in these factors. (A) The virulence level of 40 C. albicans isolates from different specimen sources. (B) The virulence level of 37 C. parapsilosis isolates from different specimen sources. (C) The virulence level of 21 C. tropicalis isolates from different specimen sources. (D) The virulence level of 9 C. glabrata isolates from different specimen sources.





Hemolytic Activity

All of the tested isolates demonstrated strong hemolytic activity on human blood SDA plates with Pz values <0.69 (Figure 2). The mean Pz values for hemolytic activity were 0.32 ± 0.05, 0.41 ± 0.04, 0.36 ± 0.05, 0.25 ± 0.05, and 0.47 ± 0.10 for C. albicans, C. parapsilosis, C. tropicalis, and C. glabrata, respectively (Table 2). No noticeable differences were detected in the hemolytic activity of the strains from different sources (Figure 3).



Biofilm Formation

Figure 2 and Table 2 shows the results of biofilm quantification. Although C. parapsilosis isolates produced greater total biomass (average Abs620 = 0.712) than did C. albicans (average Abs620 = 0.186, p < 0.05) or C. tropicalis isolates (average Abs620 = 0.450; Figure 4), one C. tropicalis isolate (NCU_O081) yielded the greatest biomass (Abs620 = 2.611 ± 0.087), and this was significantly higher than that of C. parapsilosis. By contrast, all C. glabrata strains were low biofilm producers with Abs620 values ranging between 0.095 and 0.247. No significant differences were found in the extent of biofilm formation among all C. glabrata isolates (p > 0.05). Among C. rugose and C. haemulonii, it was impossible to derive any conclusions because of the small sample size. Furthermore, strains isolated from drainage fluid generally produced more biofilm than those isolated from blood, except for C. tropicalis species. C. albicans isolates obtained from catheter tips were the highest biofilm producers, whereas, for C. parapsilosis, these were the isolates obtained from drainage fluids (Figure 3 and Table 2).




Figure 4 | Comparison of the virulence levels (biofilm biomass, casein activity and hemolysin activity) of four Candida species. * indicates statistically significant (p < 0.05).







Discussion

Invasive candidiasis is an emerging infection that is closely related to advances in medical technology, and it is widely recognized as a major cause of morbidity and mortality in high-risk groups such as immunosuppressed patients and those admitted to ICUs. At least 15 different species of Candida can cause human diseases, but a majority of the invasive infections are caused by five pathogens—C. albicans, C. parapsilosis, C. glabrata, C. tropicalis, and C. krusei (Pappas et al., 2018). Although C. albicans is currently the most common pathogen, non-albicans Candida spp. could collectively represent >50% of all bloodstream isolates in some regions (Pappas et al., 2018). A study of 141 clinical Candida specimens in Brazil reported that C. albicans is the most frequently isolated species (45.4%), followed by C. parapsilosis (28.4%), C. tropicalis (14.2%), and C. glabrata (1.4%) (Neufeld et al., 2015). A 6-year retrospective analysis of 351 patients with candidiasis showed that 48.1% of the candidemia episodes were due to C. albicans, followed by C. parapsilosis (25.1%) and C. glabrata (11.7%) (Ulu Kilic et al., 2017). In recent years, studies have described an increase in the incidence of C. parapsilosis infection (Ulu Kilic et al., 2017). We also show that C. albicans is the most prevalent disease-causing Candida spp., followed by C. parapsilosis, C. tropicalis, and C. glabrata, and that most isolates were obtained from patients hospitalized in ICUs.

RAPD analysis is a valuable tool for studying the genetic epidemiology of Candida infections, and multiple studies have confirmed its applicability and high discriminatory power for Candida genotyping at a local level (Paluchowska et al., 2014). Such accurate identification and molecular typing of Candida species provide valuable information for the prevention and control of nosocomial infections caused by these yeasts. Thus, the genetic diversity of 107 Candida species comprising C. albicans (n = 40), C. parapsilosis (n = 37), C. tropicalis (n = 21), and C. glabrata (n = 9), when an Sj value of 0.80 was defined as the limiting point, showed that C. parapsilosis and C. tropicalis isolates were more diverse than C. albicans isolates because of the greater range of Sj values in the dendrogram generated using the five primer pairs. The present study revealed two identical C. albicans isolates (NCU_B153 and NCU_B155) from the blood of two different patients admitted to ICU from different admission years. In addition, two C. glabrata isolates (NCU_B045 and NCU_B055) from different patients sharing the same ward showed similar genotype profiles. Notably, the aforementioned C. glabrata strains were isolated within the same month. These isolates may have come either from the patients, hospital personnel, medical devices, or environment, suggesting that Candida infection can spread exogenously.

Establishing antifungal susceptibility patterns among Candida species isolates from clinical specimens was an important aspect of our study. Fluconazole has remained the drug of choice for treating candidemia over several years now because of its efficacy against clinical Candida infection (Pappas et al., 2004; Autmizguine et al., 2018). However, the current treatment guidelines recommend the use of echinocandins as the first-line empirical treatment because of the increased resistance and treatment failure associated with the use of fluconazole (Bassetti et al., 2018; Zeng et al., 2019). Although we found that most isolates were sensitive to the echinocandins, one C. glabrata isolate was simultaneously resistant to three echinocandins and one C. tropicalis isolate was resistant to both anidulafungin and micafungin. Resistance to fluconazole (6.36%, 7/110) was high among the isolates tested here, and some strains displayed multiazole resistance, i.e., simultaneous resistance to both fluconazole and voriconazole among C. albicans, C. parapsilosis, and C. tropicalis isolates were 5% (2/40), 2.70% (1/37), and 9.52% (2/21), respectively. The appearance of multiazole-resistant strains could be associated with the high rates of azole usage in hospitals (36.2%, 38/105). The azole-resistant rates of patients with azole treatment to C. albicans, C. parapsilosis, C. tropicalis and C. glabrata were 30.0% (3/10), 25.0% (2/8), 25.0% (2/8), and 33.3% (1/3). Among these, 37.5% of the patients received long-course azole treatment for >15 days, which may be a risk factor for azole resistance. Although only two C. rugose strains and one C. haemulonii strain were isolated in our study, their high MICs against antifungal drugs could have been a cause for concern. In our study, the azole-resistance rate of C. albicans (7.5%, 3/10), C. parapsilosis (5.4%, 2/37), and C. tropicalis (9.5%, 2/21) were similar to those reported by Maubon et al. (Maubon et al., 2014). However, the resistance rate of C. albicans (7.5%) was significantly lower than that reported for a hospital in Southwest China (>20.0%) (Zeng et al., 2019). This discrepancy may be induced by the difference in the regional population, medical resources, and distribution of patient types.

DNA sequencing of the two drug target genes, ERG11 and FKS1, was performed using drug-resistant strains. The pharmacological target of azoles is the enzyme 14-α-demethylase (encoded by ERG11), which is an enzyme for ergosterol biosynthesis (Spettel et al., 2019). The mutation leading to amino acid substitution in the ERG11 sequence is one of the main mechanisms contributing to azole resistance in clinical isolates (Morio et al., 2010). As observed in previous studies, all ERG11 mutations in the present study also occurred at three diffuse hotspot regions: amino acids 105–165, 266–287, and 405–488 (Marichal et al., 1999). The most common amino acid substitution in our study was 132aa (50%, 4/8) in the azole-resistant strains. A single Y132H substitution has been shown to reduce susceptibility to voriconazole and fluconazole, with MIC increased by four and eight times, respectively (Wang et al., 2005). The Y132H substitution was detected in one C. albicans isolate (NCU_B138) and one C. haemulonii isolate (NCU_B011). The Y132F substitution was also detected in a C. parapsilosis isolate (NCU_B136) and a C. tropicalis isolate (NCU_B128). A previous study confirmed that the Y132H substitution interfered with the interaction between the heme center of the enzyme and fluconazole, thereby reducing the affinity of the target enzyme to fluconazole, leading to fluconazole resistance (Kelly et al., 1999). Hence, our data support the involvement of Y132F and Y132H in azole resistance and their potential use as predictive markers of azole resistance. FKS1 encode the β-1,3-glucan synthase, which is responsible for the synthesis of fungal cell wall and is the target enzyme of echinocandin (Sfeir et al., 2020). The most common cause of resistance is the serine-to-proline mutation in the HS1 region of FKS1 at the position 654 (Sfeir et al., 2020). No mutation was detected in the HS1 and HS2 regions of FKS1, although some mutations in other regions of this gene may have been missed because of sequencing only the HS1 and HS2 regions. Notably, the finding of amino acid substitutions in these isolates does not indicate that there may not be other coexisting mechanisms of antifungal resistance, such as the overexpression of ERG11, CDR1, and/or MDR1, although these points were not proved in our study.

Several virulence factors in Candida species are indispensable for their ability to cause disease, and these include extracellular hydrolytic enzymes, particularly proteases, phospholipases, and hemolysins, which facilitate food acquisition, adherence, colonization, invasion, diffusion, and escape from host immune responses (Abbes et al., 2017; Figueiredo-Carvalho et al., 2017). Accurate identification of putative virulence factors in Candida spp. is critical for predicting the response of antifungal drugs and detecting the emergence of strains with greater resistance. França et al. have reported that although 68% of patients with candidiasis had been prescribed antifungal therapy with a favorable susceptibility profile, the mortality rate was 56%, implying that other factors are involved in determining patient prognosis (França et al., 2008). Two such factors may be biofilm formation and the expression of virulence-associated factors. Biofilm formation is a major virulence factor (Mba and Nweze, 2020) because, when generated on host tissues and indwelling medical devices such as central venous catheters, they hinder drug diffusion and render infection eradication extremely difficult (Chen et al., 2020). We compared certain virulence factors among Candida species that are detectable in a laboratory environment, such as caseinase, hemolysin, and biofilm production, to assess the pathogenic potential of Candida species.

Proteases can degrade the host epithelial and mucosal barrier proteins such as albumin, collagen, and mucin. They also help Candida resist attacks by host immune system thorough the degradation of antibodies, complements, and cytokines (Borst and Fluit, 2003; Neji et al., 2017). Casein has also been widely reported as a substrate to evaluate the protease activity of pathogenic strains (Fernandes et al., 2012; Neji et al., 2017). Our results show that all the Candida spp. were caseinase producers with a strong enzymatic activity (99.09%). Furthermore, all C. glabrata strains showed a strong enzymatic activity and our results are consistent with findings reported by Abbes et al. who also tested C. glabrata isolates (Abbes et al., 2017). However, these results are in contrast to those described by Figueiredo-Carvalho et al. who reported no caseinase activity in 91 C. glabrata isolates (Figueiredo-Carvalho et al., 2017). Using casein as a substrate, all isolates of C. albicans, C. parapsilosis, C. tropicalis, C. haemulonii, and C. rugose were found to be proteinase positive. Lower caseinase activities were detected for C. parapsilosis than for C. albicans, C. tropicalis, and C. glabrata isolates with a statistically significant difference (Figure 4); these differences were independent of the specimen sources and genotypes (Figure 4; Supplementary Figure 1).

Hemolytic activity is another virulence factor exhibited by pathogenic microorganisms, which enables fungal pathogens to utilize hemoglobin as an iron source for growth in the iron-scarce host environment (Weissman et al., 2021). Previous studies have shown a close relationship between cellular iron and drug susceptibility in C. albicans (Prasad et al., 2006), and iron uptake mechanisms have also been reported to be necessary for the virulence of C. glabrata (Figueiredo-Carvalho et al., 2017). In our study, all Candida spp. showed strong hemolytic activity. Moreover, C. tropicalis exhibited greater hemolysin production than C. glabrata. We noted that the hemolytic activity of C. albicans isolates was higher than that of C. parapsilosis isolates; these findings are inconsistent with those of previous studies (Figure 4) (Chin et al., 2013; Neji et al., 2017).

Several studies have established the importance of biofilm formation in clinical infections due to Candida strains (Nett and Andes, 2006; Akers et al., 2015). Estivill et al. found that biofilm formation was observed on implantable medical devices and all Candida strains tested (including C. albicans, C. parapsilosis, C. tropicalis, C. glabrata, and C. krusei) were able to form biofilms (Estivill et al., 2011). Our results correspond with those reported previously, especially that C. glabrata showed no biofilm production (Marak and Dhanashree, 2018). This is likely, in part, to be related to its intrinsic inability to form hyphae (Seidler et al., 2006). More C. albicans isolates produced biofilms than C. parapsilosis or C. tropicalis isolates, but C. rugose and C. haemulonii showed no biofilm production in our study. We also performed subgroup analyses by specimen source and found that isolates from drainage fluids exhibited greater biofilm formation than those originating from blood, except among C. tropicalis isolates.

The association between clusters and virulence factors was compared (Supplementary Figure 1). No significant difference was noted in the hemolytic and caseinase activities among the strains of different genotypes, although their biofilm production was found to vary with the different clusters. For instance, for C. parapsilosis, three clusters (K–M) showed higher biofilm formation ability than the others (Supplementary Figure 1B). A similar situation was also noted for C. tropicalis, although the difference failed to reach a statistical significance (Supplementary Figure 1C). We also compared the virulence factors of the isolates from different specimen sources, although no obvious correlation was recorded. Interestingly, a correlation was noted between the RAPD genotypes and antifungal resistance. Moreover, 75% of the C. albicans from cluster F demonstrated azole resistance, whereas only two azole-resistant C. tropicalis strains belonged to the cluster Y (Figure 2A). Moreover, 66.7% of the C. tropicalis strains, which were S-DD to azole drugs, were allocated into cluster W (Figure 2C). These findings together suggest that RAPD results allow the selection of drug-resistant isolates with diverse genetic backgrounds, which has significance in clinical medication and applications.



Conclusion

To summarize, this study is able to investigate the molecular relationship and genetic diversity among 110 clinical Candida isolates obtained from hospital inpatients admitted in the Nanchang region of China. Although these data are expected to help understand the epidemiology of Candida species in Nanchang City, our results also contribute toward a greater understanding of the pathogenicity of Candida species in patients with candidiasis and the susceptibility of Candida strains to the most commonly used antifungal drugs; the latter may also help prevent the occurrence and outbreak of Candida infections. Furthermore, our data provide experimental evidence for designing appropriate clinical monitoring and treatment strategies for candidiasis. Because of the rising incidence of Candida infections and their resistance to antifungal drugs, further studies are required to develop treatment strategies against Candida strains.



Data Availability Statement

The sequencing results of ERG11 and FKS1 in the study are deposited in the NCBI BankIt database under accession numbers MZ711431 to MZ711438 and MZ711439 to MZ711442, respectively.



Ethics Statement

The ethics committee of the First Affiliated Hospital of Nanchang University approved this study (approval no. 2014036).



Author Contributions

LZ, NH, QL, XY, and XH designed the study. JC, NH, HX, YZ,YH, and JT performed the experiments and analyses, and wrote the original draft. LZ and XH edited the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the National Natural Science Foundation of China (32060040 and 31760261), the Natural Science Foundation of Jiangxi Province (20202BABL216084, 20192ACBL21042, 20202BAB216045, 20192BBG70067, and 20204BCJL23054), the Science and Technology Research Project of Education Department of Jiangxi Province (GJJ180130), and the Major Science and Technology Project of Jiangxi Province (20181BBG70030).



Acknowledgments

We wish to thank Nanchang University Medical School, for providing the space and equipment necessary to conduct the present study.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2021.721439/full#supplementary-material

Supplementary Figure 1 | Comparison of the virulence levels (biofilm biomass, casein activity, and hemolysin activity) of three Candida species isolates by genotypic relatedness. Y-axis (far left panel): biofilm biomass (positively correlated with virulence); Y-axis (far right panel): the Pz values of caseinase and hemolysin activities (negatively correlated with virulence). No significant differences can be noted in this figure. (A) The virulence level of 40 C. albicans isolates from different gene clusters; (B) The virulence level of 37 C. parapsilosis isolates from different gene clusters; (C) The virulence level of 21 C. tropicalis isolates from different gene clusters.
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Candida auris (C. auris) is an emerging fungus associated with high morbidity. It has a unique transmission ability and is often resistant to multiple drugs. In this study, we evaluated the ability of different machine learning models to classify the drug resistance and predicted and ranked the drug resistance mutations of C. auris. Two C. auris strains were obtained. Combined with other 356 strains collected from the European Bioinformatics Institute (EBI) databases, the whole genome sequencing (WGS) data were analyzed by bioinformatics. Machine learning classifiers were used to build drug resistance models, which were evaluated and compared by various evaluation methods based on AUC value. Briefly, two strains were assigned to Clade III in the phylogenetic tree, which was consistent with previous studies; nevertheless, the phylogenetic tree was not completely consistent with the conclusion of clustering according to the geographical location discovered earlier. The clustering results of C. auris were related to its drug resistance. The resistance genes of C. auris were not under additional strong selection pressure, and the performance of different models varied greatly for different drugs. For drugs such as azoles and echinocandins, the models performed relatively well. In addition, two machine learning algorithms, based on the balanced test and imbalanced test, were designed and evaluated; for most drugs, the evaluation results on the balanced test set were better than on the imbalanced test set. The mutations strongly be associated with drug resistance of C. auris were predicted and ranked by Recursive Feature Elimination with Cross-Validation (RFECV) combined with a machine learning classifier. In addition to known drug resistance mutations, some new resistance mutations were predicted, such as Y501H and I466M mutation in the ERG11 gene and R278H mutation in the ERG10 gene, which may be associated with fluconazole (FCZ), micafungin (MCF), and amphotericin B (AmB) resistance, respectively; these mutations were in the “hot spot” regions of the ergosterol pathway. To sum up, this study suggested that machine learning classifiers are a useful and cost-effective method to identify fungal drug resistance-related mutations, which is of great significance for the research on the resistance mechanism of C. auris.
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Introduction

Candida auris (C. auris) is an emerging fungal pathogen first isolated from the external ear canal of a 70-year-old female inpatient in Tokyo hospital (Satoh et al., 2009). C. auris can persist for weeks in a nosocomial environment, and survive high-end disinfections, thus presenting a serious global health threat (Chaabane et al., 2019; Du et al., 2020). To date, C. auris outbreak has been reported in more than 30 countries worldwide (Rhodes et al., 2018; Tian et al., 2018; Escandon et al., 2019; Rhodes and Fisher, 2019). C. auris, also known as “super fungus”, is a multidrug-resistant species associated with high mortality (Wang et al., 2018).

So far, four specific clades of C. auris have been identified by phylogenetic analysis based on whole-genome sequencing (WGS): South Asia (Clade I), East Asia (Clade II), South Africa (Clade III), and South America (Clade IV). A potential fifth clade of Iranian origin was described by few studies (Chow et al., 2019; Di Pilato et al., 2021). All clades are characterized by distinct single nucleotide polymorphisms (SNPs), highlighting this pathogen’s independent and worldwide emergence (Lockhart et al., 2017). Except for Clade II, the other three clusters have been associated with an outbreak of invasive infection and multiple resistance. Clade II is predominantly an ear canal infection, and presents either single fluconazole resistance or susceptible (Kwon et al., 2019; Welsh et al., 2019).

Clinically, invasive fungal infections are usually treated with three classes of antifungal agents: echinocandins, azoles, and polyenes (ElBaradei, 2020). Fluconazole (FCZ) resistance is the most common. Resistance to other azoles like voriconazole (VCZ), itraconazole (ICZ), and posaconazole (PZ) might vary (Montoya et al., 2019; ElBaradei, 2020).

Ergosterol is a key component of the fungal cell membrane. In Candida, ergosterol is mediated by lanosterol 14-alpha-demethylase (ERG11), which is involved in an important step in the biosynthesis of ergosterol. Antifungal agents effectively inhibit ergosterol biosynthesis by inhibiting the enzyme’s function, thereby compromising membrane integrity (Sanglard et al., 1998). Different mechanisms, including mutations in the ERG11 gene, overexpression of the ATP-binding Cassette (ABC) exogenous pump transporter, which is encoded by the CDR1 gene, and duplication and overexpression of the ERG11 gene, contribute to the reduction of the sensitivity of C. auris to azole drugs (Puri et al., 1999; de Micheli et al., 2002; Coste et al., 2004; Cannon et al., 2009; Noel, 2012; Spampinato and Leonardi, 2013; Medici and Del Poeta, 2015; Nami et al., 2019; Bing et al., 2020). Point mutations in the ERG11 gene, associated with FCZ resistance in Candida albicans, are also one of the mechanisms of FCZ resistance in C. auris. Point mutations in ERG11 can reduce the azole sensitivity of Candida, particularly in the “hot spots” located between 105-165, 266-287, and 405-488 (Lamb et al., 1995; Sanglard et al., 1998; Mellado et al., 2004; Vandeputte et al., 2012). Moreover, Lockhart et al. described three major mutations in ERG11 that influence FCZ resistance, namely, F126T, Y132F, and K143R (Lockhart et al., 2017). Furthermore, Healey et al. found that Y132F mutations significantly reduce the sensitivity of C. auris to azole drugs. Also, it has been reported that these mutations are associated with geographic cues, with mutations leading to Y132F and K143R associated with isolates belonging to South Asian and South American groups (Healey et al., 2018). In addition, Rybak et al. reported new mutations on the zinc-cluster transcription factor-encoding gene (TAC1B) associated with FCZ resistance (Rybak et al., 2020). This study showed that mutations on TAC1B could be produced rapidly in vitro after exposure to FCZ. Most FCZ-resistant isolates have many drug-related TAC1B mutations in a specific global lineage or group of C. auris, and the identification of new resistance determinants has significantly increased the understanding of clinical antifungal resistance in C. auris (Rybak et al., 2020).

C. auris resistance to echinocandins is less common. Caspofungin (CSF), micafungin (MCF), and anidulafungin (AND) are often recommended as first-line treatments for candidemia (ElBaradei, 2020). In vitro studies have demonstrated that CSF and AND have a certain inhibitory effect on the growth of C. auris (Dudiuk et al., 2019). Interestingly, one study reported that among all echinocandins, micafungin has the highest inhibitory effect against C. auris (Kordalewska et al., 2018).

Echinocandins inhibit the 1, 3-beta-D-glucan synthetase required for cell wall synthesis, encoded by the genes FKS1 and FKS2. Several mutations (“hot spots 1 and 2”) in the FKS1 and FKS2 genes in Candida albicans and other non-auris Candida species have been associated with the echinocandins resistance. In the FKS1 gene of C. albicans, these “hot spots” lie between the amino acids 641-649 and 1,345-1,365 (Park et al., 2005). Resistance to the echinocandins involves mutations in the FKS1 gene, with changes in the hot spot 1 region leading to amino acid substitution from serine to proline at 639 (S639P) (Biagi et al., 2019). Moreover, a multicenter study in India reported another mutation in the same position 639 of the FKS1 gene, involving a change from serine to phenylalanine (S639F or S639Y) (Chowdhary et al., 2018). Sharma et al. also found FKS2 in a single copy of the C. auris genome; yet, no mutation associated with echinocandins resistance has been found in this gene (Sharma et al., 2016; Chaabane et al., 2019).

Among polyenes, C. auris and C. lusitaniae have shown high resistance to amphotericin B (AmB). However, the molecular mechanism of polyene drug resistance is not clear (ElBaradei, 2020) and more research may be needed to reveal how non-synonymous mutations promote resistance to AmB in C. auris (Escandon et al., 2019). Kordalewska and Perlin suggested that resistance to AmB is regulated at the transcriptional level rather than mutations (Kordalewska and Perlin, 2019).

Predictive models based on machine learning can explore multiple associations between genetic variations. Machine learning is the scientific discipline that focuses on how computers learn from data (Deo, 2015). As an essential component in artificial intelligence (AI), it has been integrated into many fields, such as data generation, analytics and knowledge mining (Handelman et al., 2018; Patel et al., 2020). Several previous studies have used machine learning algorithms to predict microbial resistance. For example, Zhang et al. collected 161 strains of Mycobacterium tuberculosis (MTB) from China and used logistic regression and random forest to find and predict new genes associated with drug resistance of seven drugs (Zhang et al., 2013). Furthermore, using a more geographically diverse data set, Farhat et al. studied the performance of the random forest algorithm based 1,397 isolates (Farhat et al., 2016). Her et al. proposed a pan-genome-based method to characterize antibiotic-resistant microbial strains; the method was tested on Escherichia coli. The drug resistance gene was predicted by identifying the core and accessory gene clusters on Escherichia coli pan-genomic (Her and Wu, 2018). In addition, Yang et al. considered 1,839 bacterial isolates from the UK and compared the performance of more machine learning classifiers, including Logistic Regression, Support Vector Classifier (based on linear and Gaussian kernel functions), product-of-marginals model (PM), Random Forest, gradient tree boosting (GBT), and Adaboost. Finally, mutations associated with drug resistance of MTB ranked and were predicted (Yang et al., 2018; Kouchaki et al., 2019). However, most of the microbes studied were bacteria, while only a few studies applied this method to study fungi. Moreover, currently, there are no studies on the classification of fungi drug resistance and the evaluation of drug resistance mutations by mathematical models.

In this study, we collected C. auris isolates from different countries or regions, analyzed their whole genome sequencing data, constructed the phylogenetic relationship, evaluated the ability of different machine learning models to classify the drug resistance, and predicted and ranked the drug resistance mutations of C. auris.



Materials and Methods


WGS and Pre-processing

As of April 2020, the whole genome sequencing (WGS) data of C. auris published by the European Bioinformatics Institute (EBI, https://www.ebi.ac.uk/) has 796 isolates in total. Among them, 356 strains have undergone antifungal susceptibility testing. According to these results, resistant or susceptible strains were determined according to the Clinical and Laboratory Standards Institute (CLSI) guidelines.

In this study, WGS data of 356 strains containing drug resistance information on the EBI website were collected, and two strains named C1921 and C1922, which showed FCZ resistance from the Chinese PLA Center for Disease Control & Prevention were combined (Chen et al., 2018). This study involved WGS data of 358 C. auris strains (see Supplementary Materials File), all of which were sequenced using Illumina sequencing technology platform; the sequencing data obtained were double-ended WGS data in FASTQ data format. The drug resistance of 358 strains above was collected, including fluconazole, itraconazole, voriconazole, posaconazole, amphotericin B, micafungin, anifenqine and caspofunqine. The statistics of drug resistance of the strains are shown in Table 1.


Table 1 | Classification of all C. auris strains’ drug-resistant phenotypes.



WGS data of 358 C. auris strains were collected and analyzed using the following steps: FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) checked the data quality of each strain’s sequence and divided the data according to different types of sequencing adapters for quality control [Trimmomatic (Bolger et al., 2014)]. All data were aligned and sorted with the reference strain B8441 using Bwa-0.7.17 (Munoz et al., 2018). Duplicates in the file were marked using MarkDuplicates module in GATK (DePristo et al., 2011) v4.1.4.1, and were ignored during the mutation detection. In BaseRecalibrator, 246,258 sites were jointly detected by GATK HaplotypeCaller and Bcftools (Li et al., 2009) mpileup, which were finally used as SNP reference sets.

The recalibration of base mass values mainly involved two steps: GATK BaseRecalibrator and GATK ApplyBQSR. Then, the mutation detection was performed by GATK HaplotypeCaller. Finally, VCFtools (Danecek et al., 2011) software was used to filter the samples and detection sites, respectively. Two samples with high deletion rates (max-missing ≥ 50%) (SRR10461133 and SRR10461145) were removed from the filtering of the samples. The sites with minQ ≤ 30, max-missing ≥ 0.5, mac ≤ 3, and minDP ≤ 3 were deleted, respectively, using VCFtools, and the number of sites after filtering was 229,262. The filtered files were annotated using SNPEff (Cingolani et al., 2012), and the annotated files were used for phylogenetic analysis and machine learning resistance analysis. Three antifungals (FCZ, MCF and AmB) and point mutations (Y132F, K143R and F126L in ERG11, S639Y/S639F and S639P in FKS1) was also depicted in the phylogenetic NJ tree. This process is shown in Figure S1 and Table S1.



Selection and Extraction of Gene Sets

A total of 229,262 SNP mutation sites were found in 358 C. auris isolates. Candidate genes that may have a strong correlation with drug resistance of C. auris in previous studies were selected; this was performed in order to reduce its dimension, facilitate machine learning classification, eliminate redundant sites, and improve the accuracy of the analysis for the complex dimension. In addition, only missense mutations were extracted for further analysis since they accounted for only a small part of the original mutations, but affected the type of amino acids, i.e., the function of proteins.

Three candidate gene sets were selected in this study (Lockhart et al., 2017; Munoz et al., 2018; Chaabane et al., 2019; Rybak et al., 2020) (Table S2). F3 set included genes that were previously reported to be associated with drug resistance and may contain determinants of drug resistance information in C. auris; F2 set was a list of seven genes specific in C. auris, which have been associated with drug resistance in C. albicans, but are highly conserved in C. auris (Munoz et al., 2018). F1 set combined the F2 and F3 genes. All the missense mutations were extracted in the three gene sets and filtered. The samples and sites with too many missing values for each set were deleted, and the dimension of the data set after processing the missing values (samples × mutations) was respectively: F1: 350 x 579; F2: 353 x 202; F3: 352 x 377.



Machine Learning Algorithms

Two algorithms were designed by using Python 3.8.4 (https://www.python.org/downloads/): the classifier on the balanced test set and on the imbalanced test set (Figures S2, S3). The F1, F2, and F3 sets were used as the classification feature sets, and the drug resistance of C. auris was taken as the classification target. Ten machine learning classifiers (Table S3), Logistic Regression (LR), Support Vector Classifier (SVC, including SVC RBF and SVC linear), K-Nearest Neighbors (KNN), Decision Tree (DT), Ensemble Learning (including RandomForest, AdaBoost and GradientBoosting), and Naive Bayes (including BernoulliNB and GaussianNB) were used to build the model (Breiman, 1996; Breiman, 2001) by using Python 3.8.4. For AdaBoost, the Decision Tree Classifier was the base estimator whose number was 200 and the max depth was 1. There were 100 trees set in the random forest classifier. The neighbor was 5 (the value of K) for the KNN classifier. In both algorithms, principal component analysis (PCA) was used to reduce dimensionality based on retaining 99% of the original information. The number of principal components after dimension reduction with PCA method when 99% of the variance is retained is in supplementary material Table S4. Upsampling and downsampling were mainly adopted to balance the data set and repeated sampling 100 times. Downsampling means, for a dataset from the majority classification, creating a new subset with the same sample number as the minority classification from the original set by random sampling. Upsampling means, for a dataset from the minority classification, creating a new dataset with the same sample number as the majority classification from the original set by random sampling. The data were divided into test set and training set according to 5-fold cross-validation (5-CV), which accounted for 20% and 80%, respectively. The model parameters were adjusted on a training set, and the model was retrained using 5-CV. Finally, the model was evaluated on the test set. The area under the ROC (the Receiver operating characteristic curve) curve (AUC), was used as evaluation standard of a model’s performance. A classifier with a larger AUC (closer to 1.0) performed better.



Recursive Feature Elimination With Cross-Validation

The Recursive Feature Elimination with Cross-validation (RFECV) functions in Python’s Scikit-Learn established in mutation sequencing were based on the F1 data set, which contained all candidate genes selected before machine learning modeling. All features were standardized before ranking, and the training model was the classifier above. The standardized method used was StandardScaler() function in Python. The number of features discarded in each iteration was 1, indicating elimination one by one, and the model was built repeatedly through 5-CV.




Results


Phylogenetic Analysis of Candida auris

Phylogenetic NJ-tree was constructed using MEGA-X (Kumar et al., 2018), and boostrap test was repeated 500 times. Then, the phylogenetic tree was annotated using the iTOL online tool (https://itol.embl.de/). The phylogenetic NJ tree was divided into four clades starting from the root (Figure 1): Clade I (orange), Clade II (blue), Clade III (purple), and Clade IV (green), which was consistent with the conclusions reported in previous literatures (Lockhart et al., 2017). The clustering results are shown in Table S5. However, strain B16401 (SRR10852068, Kenya) was assigned to Clade I in this study; in a previous study, strain B16401 was assigned to Clade III (Chow et al., 2020). In the NJ tree, C1921 and C1922 from our laboratory were in Clade III, which was consistent with the phylogenetic tree constructed using Internal Transcribed Spacer (ITS) and D1/D2 Large Ribosomal Subunit Region previously (Chen et al., 2018). In addition, the mutations associated with azoles and echinocandins resistance detected were consistent with the previous conclusions (Chow et al., 2020). According to these results, F126L mutation in lanosterol 14-alpha-demethylase ERG11 occurred in C1921 and C1922 strains, which is closely related to their FCZ resistance observed in clinical practice. It was also shown that the phylogenetic tree constructed by the drug-resistant gene set F3 was very similar to the phylogenetic tree constructed by the WGS of C. auris, and there was no difference in the clustering results of the strains (Figure S4), indicating that the evolution of C. auris resistance genes was consistent with the overall evolution of the strains (at the level of the whole genome). It was speculated that the resistance genes of C. auris were not under additional strong selection pressure, which may be related to the clinical use of drugs.




Figure 1 | Phylogenetic NJ tree based on WGS of C. auris. The tree describes the phylogeny of 356 strains of C. auris from different regions, divided into four clades. The 1st to 9th indicates a concentric circle from the inner-most to the outer-most, respectively. It also shows the correlation between the resistance of these strains to FCZ, AmB, and MCF and the reported point mutations with Y132F, K143R, and F126L in ERG11, S639Y/S639F, and S639P in FKS1.





Evaluation of Classification Models

The performances of machine learning classifiers, constructed by the two algorithms described above on F1, F2, and F3, were evaluated and compared by several evaluation methods. The best model for each set and drug was listed in Table 2. For most drugs, the evaluation results on the balanced test set were better than on the imbalanced test set. The classifiers established using two algorithms achieved better results for azoles, like FCZ, ICZ and VCZ, since their AUC values were above 0.9. However, compared with other drug models, the evaluation results of AmB needed to be improved; we speculated that this might be closely related to the selection of candidate genes. For well-studied drugs (azoles and echinocandins), the selected three gene sets contained more information about determinants associated with drug resistance, but there were few determinants of polyenes resistance.


Table 2 | Model evaluation results under two different algorithms: on the balanced test set (the upper table) and on the imbalanced test set (the lower table).



The model with the highest AUC value was extracted and compared (Figure 2 and Table S6). Random forest, logistic regression, and K-nearest neighbors ranked in the top and for several times. Under two algorithms, the classifier models performed well on F1 for all drugs, of which the AUC values were above 0.85. While on F2 and F3, classifiers performed well only on some drugs; for example, models performed well on F2 for azoles like FCZ, ICZ, and VCZ, and they performed well on F3 for MCF, but they all had poor classification effect on AmB and PZ. It may be that the correlation between the three sets and classification targets was not very strong, and the information collected for these two drugs was insufficient.




Figure 2 | Comparison of the best AUC values using different machine learning classifiers.The best models on the balanced (the upper three) and imbalanced (the lower three) test set are shown, respectively. Please see supplementary materials Table S6 for detailed evaluation results.





Mutation Ranking

Using RFECV, three antifungal drugs, including FCZ, MCF, and AmB, were ranked and predicted, respectively. The mutation ranking results are shown in Tables 3–5. Previously reported mutations (bolded in the table), such as Y132F, K143R, and F126L on the ERG11, mutations on the TAC1B (Rybak et al., 2020), and S639Y/S639F and S639P on the FKS1 gene, were detected and listed as important mutations. In addition, several novel mutations were detected (marked by an asterisk). Particularly, mutations in the “hot spot” regions of the ergosterol pathway, such as I466M, G459S, and Y501H in ERG11, and R278H in ERG10, were detected. These mutations were frequently and highly ranked mutations. FKBP12 has been reported to be associated with multiple resistance in Candida spp., and the S4N mutation was detected in this gene. Two frequently occurring mutations, H771R and G995S, were identified in CDR1, the gene encoding the ATP-Binding Cassette efflux pump transporter. Two high-frequency mutations, E49D and A18P, were also found in a specific gene (PGA7, C. albicans homolog) of C. Auris. These mutations should be paid special attention to in the following research.


Table 3 | Top 20 mutations ranked by RFECV for FCZ on F1 set.




Table 4 | Top 20 mutations ranked by RFECV for AmB on F1 set.




Table 5 | Top 20 mutations ranked by RFECV for MCF on F1 set.






Discussion

C. auris strains C1921 and C1922 sequenced in our laboratory were classified into Clade III from the phylogenetic tree, which was consistent with the tree constructed using Internal Transcribed Spacer and D1/D2 Large Ribosomal Subunit Region in the previous study (Chen et al., 2018). Previous studies classified C. auris into four clades: South Asia (Clade I), East Asia (Clade II), South Africa (Clade III), and South America (Clade IV) (potential fifth clade of Iranian origin), and it was emphasized that each clade has a great relationship with geographical location. The clustering results from the phylogenetic tree in this study illustrated that these strains could be divided into four clades, but the conclusion of clustering according to geographical location was not very prominent.

Machine learning technology has great potential in classifying drug resistance of strains with WGS data and analyzing high-dimensional data sets, which is very important for predicting mutations associated with drug resistance. Our model evaluation results illustrated that the machine learning classifiers performed quite different when testing different drugs. The classifier model showed excellent performance for azoles and echinocandins such as FCZ, ICZ, VCZ, and MCF, but not for others like AmB and PZ. It was speculated that there might be more information about determinants associated with azoles and echinocandins resistance but less for AmB and PZ in the three sets. This was directly indicative of the fact that the correlation between feature sets and classification targets was stronger for azoles and echinocandins, but was weaker for the two drugs. In addition, there were some deficiencies in model optimization so that only several models were optimized in the process of constructing classifier models and adjusting parameters. Therefore, optimizing models through a large number of experiments and tests should be performed in future work in order to achieve better performance.

In this study, RFECV combined with a machine learning classifier was used to predict and rank the mutations of C. auris related to antifungal drug resistance. In the RFECV process, different ranked mutation results were obtained by combining different classifiers. Overall, the results indicated that the RFECV method could not only rank several known mutations as important, especially for well-studied drugs but also predict some new important mutations on the genes closely related to drug resistance. Some of the predicted mutations were known to be important resistance mutations, which to some extent demonstrated the validity of our classification model. The model could obtain more reliable conclusions for well-studied drugs, such as azoles and echinocandins, while for amphotericin B, the model also predicted some resistance-related mutations. Based on these results, further research and verification are needed on the specific mutations and drug resistance mechanisms of C. auris.

Machine learning models can improve the prediction of important genetic mutation sites related to drug resistance in fungi, particularly beneficially for less-studied drugs. The amount of test data, or sample size, is one of the keys to the performance of machine learning methods. We speculate that 500 to 1,000 fungal samples may get satisfactory results according to previous studies. Random forest, logistic regression, and K-nearest neighbors classifier performed relatively better in this study. While in another study, PM (product-of-marginal model) and SVC-RBF ranked as the top two best-performing classifiers on MTB (Yang et al., 2018). The most common issues in machine learning lie around overfitting, underfitting, noisy data and inappropriate validation. Hence, considering all available variants and allowing machine learning methods to reduce the dimension can improve the performance. In the future, it is necessary to conduct systematic verification and related functional studies on these mutations.

This study may help to analyze the drug resistance mechanism of C. auris, and provide a scientific basis for developing prevention and control strategies against drug resistance and the search for possible new drug targets.
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Diutina catenulata (Candida catenulata) is an ascomycete yeast species widely used in environmental and industrial research and capable of causing infections in humans and animals. At present, there are only a few studies on D. catenulata, and further research is required for its more in-depth characterization and analysis. Eleven strains of D. catenulata collected from China Hospital Invasive Fungal Surveillance Net (CHIF-NET) and the CHIF-NET North China Program were identified using matrix-assisted laser desorption ionization–time of flight mass spectrometry and internal transcribed spacer sequencing. The antifungal susceptibility of the Diutina catenulata strains was tested using the Clinical and Laboratory Standards Institute broth microdilution method and Sensititre YeastOne™. Furthermore, ERG11 and FKS1 were sequenced to determine any mutations related to azole and echinocandin resistance in D. catenulata. All isolates exhibited low minimum inhibitory concentration (MIC) values for itraconazole (0.06–0.12 μg/ml), posaconazole (0.06–0.12 μg/ml), amphotericin B (0.25–1 μg/ml), and 5-flucytosine (range, <0.06–0.12 μg/ml), whereas four isolates showed high MICs (≥4 μg/ml) for echinocandins. Strains with high MIC values for azoles showed common ERG11 mutations, namely, F126L/K143R. In addition, L139R mutations may be linked to high MICs of fluconazole. Two amino acid alterations reported to correspond to high MIC values of echinocandin, namely, F621I (F641) and S625L (S645), were found in the hot spot 1 region of FKS1. In addition, one new amino acid alteration, I1348S (I1368), was found outside of the FKS1 hot spot 2 region, and its contribution to echinocandin resistance requires future investigation. Diutina catenulata mainly infects patients with a weak immune system, and the high MIC values for various antifungals exhibited by these isolates may represent a challenge to clinical treatment.




Keywords: Diutina catenulata (Candida catenulata), antifungal susceptibility, ERG11, FKS1, gene mutation, drug resistance mechanisms



Introduction

In recent years, Candida infections have been on the rise worldwide (Sanguinetti et al., 2015; Pristov and Ghannoum, 2019). Although Candida albicans remains the main causative agent of these infections, the rate of non–C. albicans candidial infections is increasing (Sanguinetti et al., 2015). Candida infections are not usually multidrug-resistant, but there are notable cases of drug resistance among non-albicans Candida (NAC) species. Candida auris shows in vitro multidrug resistance and is associated with outbreaks. Candida glabrata is the most common cause of candidemia and is resistant to azoles and echinocandins. Candida parapsilosis is another notorious pathogen isolated from patients, which causes outbreaks and multidrug resistance (Arastehfar et al., 2021). These Candida species, though rare, are clinically common and necessitate a better understanding of their pathogenic mechanisms. Diutina catenulata (C. catenulata), an ascomycete, can colonize the digestive tract of animals and humans and cause superficial or deep infections (Crozier, 1977; Radosavljevic et al., 1999; Ha et al., 2018; Cafarchia et al., 2019). Diutina catenulata is usually utilized in the production of industrial products (Joo et al., 2008; Subramanya et al., 2017; Babaei and Habibi, 2018; Cafarchia et al., 2019). Diutina catenulata belongs to the CTG-Ser clade and is closely related to Saccharomyces cerevisiae (O'Brien et al., 2018). The first time describing D. catenulata associated with disease in humans in 1977, and D. catenulata  was recovered from the nail of a 50-year-old male Australian patient (Crozier, 1977). Subsequently, the first case of candidemia was diagnosed in a patient with cancer (Radosavljevic et al., 1999).

There are few reports of human infection with D. catenulata, and only a small number of studies are available to guide clinical treatment. Diutina catenulata generally exhibits antifungal sensitivity (Radosavljevic et al., 1999; Ha et al., 2018); however, some strains showing resistance to azoles and echinadines have been isolated from eggs and feces (Glushakova et al., 2021). Thus, it is important to consider the potential antifungal resistance of D. catenulata. However, the resistance mechanism of D. catenulata is poorly understood. Amino acid alternations in Erg11p and Fks1p are responsible for causing azole and echinocandin resistance in pathogenic Candida spp. (Berkow and Lockhart, 2017; Toutounji et al., 2019). However, the complete open reading frames of both ERG11 and FKS1 genes have not been revealed, and the gene polymorphisms of ERG11 and FKS1 in clinical D. catenulata isolates remain unknown.

Despite the three cases reported worldwide, the occurrence of D. catenulata in clinical specimens of the Chinese population remains unelucidated. Thus, we studied the antifungal susceptibility and potential drug resistance mechanisms of the clinical isolates of D. catenulata obtained in China over a period of 9 years.



Material and Methods


Ethics Statement

This study was approved by the Human Research Ethics Committee of Peking Union Medical College Hospital (No. S-263). A written informed consent was obtained from all study participants to examine the isolates cultured from them for scientific research.



Isolates

During the period from 2010 to 2018 (Table 1), 11 D. catenulata isolates were collected from seven different hospitals in five provinces from the China Hospital Invasive Fungal Surveillance Net (CHIF-NET) and the CHIF-NET North China Program. These isolates were mainly from invasive fungal infection specimens. Most specimens were obtained from patients with bloodstream infections, which indicates the seriousness of the situation for these patients.


Table 1 | List of isolates included in the study.





Identification

All isolates were identified at the species level using matrix-assisted laser desorption ionization–time of flight mass spectrometry (MALDI-TOF MS) conducted with Autof MS 1000 (Autobio, Zhengzhou, China) and Vitek MS (Bio Merieux, Marcy-l’Étoile, France). The species identification was confirmed via the sequencing of the rDNA internal transcribed spacer (ITS) region (ABI 3730XL, Thermo Fisher Scientific, Cleveland, OH, USA). PCR and sequencing of the amplicons were performed using the forward primers, V9G and ITS1 (5′-TCCGTAGGTGAACCTGCGG-3′), and the reverse primers, LS266 and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) (Zhang et al., 2014; Hou et al., 2016). The phylogenetic tree of D. catenulata was constructed by alignment with the ITS gene sequences of the common Candida species in the NCBI gene library. Maximum-likelihood phylogenetic trees were constructed with IQ-TREE using an ultrafast bootstrap approximation approach with 1,000 replicates (Trifinopoulos et al., 2016).



Antifungal Susceptibility Testing

Minimum inhibitory concentrations (MICs, μg/ml) of nine antifungal agents, namely, anidulafungin, micafungin, caspofungin, fluconazole, posaconazole, voriconazole, itraconazole, amphotericin B, fluorocytosine, were determined for all isolates using the Sensititre YeastOne™ system (SYO, Trek Diagnostic Systems, Thermo Fisher Scientific, Cleveland, OH, USA) according to the manufacturer’s instructions. MICs of micafungin (Astellas, Japan), caspofungin (CAS; Merck, USA), fluconazole [(National Institute for Food and Drug Control (NIFDC), China], voriconazole (NIFDC, China), amphotericin B (NIFDC, China), and flucytosine (NIFDC, China) were determined using the CLSI broth microdilution method. MICs were determined after 36 h of culture. Candida krusei ATCC 6258 and C. parapsilosis ATCC 22019 were used as quality control strains. When the MIC obtained by the two methods fell within a twofold dilution gradient, the essential agreement (EA) between Sensititre™ YeastOne™ and CLSI was considered for D. catenulata. The clinical breakpoints of antifungals against D. catenulata in vitro have not yet been established by the Clinical and Laboratory Standards Institute (CLSI) or the European Committee on Antimicrobial Susceptibility Testing (EUCAST). Consequently, the interpretative criteria were followed to test the in vitro susceptibility of Candida spp. according to the CLSI M59 guidelines (CLSI, 2017).



DNA Extraction and Sequencing of ERG11 and FKS1

On comparing published amino acid sequences of ERG11 (3641571, 1466526) and FKS1 (3639844, 856398) with D. catenulata CBS 565 whole-genome sequences (PJEZ00000000.1) and conducting gene annotation, we identified the ERG11 and FKS1 homologous proteins in C. catenulata. Amino acid alignment of Erg11p and Fks1p from published data and whole-genome sequencing of analyzed data is shown in Supplementary Figures 1, 2.



ERG11 and FKS1 Sequencing

Genomic ERG11 and FKS1 were amplified by PCR using specific primers and sequenced as previously described. The forward (5′- ACATTATTTATTGCCCCATG-3′) and reverse primers (5′-GCAAGTATCCCGCTTTTCCC-3′) for ERG11 and those for FKS1 are shown in Supplementary Table 1.



Nucleotide Sequence Accession Numbers

The ITS region sequences of strains found in this study were deposited in GenBank with accession numbers MW624477 to MW624482.



Literature Review

This literature review considered the available data regarding the susceptibility of the D. catenulata species to antifungals. The literature search was performed on September 3, 2021, using the following three databases: PubMed (https://pubmed.ncbi.nlm.nih.gov), Web of Science (https://webofknowledge.com), and Embase (https://www.embase.com). The terms “Diutina catenulates” or “Candida catenulate” or “Candida ravautii” were entered in the category of “Title/Abstract” in the PubMed Advanced Search Builder, and “TS=(Diutina catenulata)” or “TS=(Candida catenulata)” or “TS=(Candida ravautii)” was entered in the Web of Science databases. The search in Embase was conducted in the advanced search area, including the terms “‘diutina catenulate’:ti,ab,kw” or “‘candida catenulata’:ti,ab,kw” or “‘candida ravautii’:ti,ab,kw.” Studies describing the patients infected with D. catenulata were selected and summarized.




Results


Species Identification of D. catenulata Using MALDI-TOF and DNA Sequencing

All 11 clinical isolates were identified as D. catenulata by the Autof MS 1000 and Vitek MS. The ITS sequences of the study isolates exhibited 100% sequence identity to the corresponding ITS sequences from the reference D. catenulata isolates in GenBank (C. catenulata CBS 565). We performed a phylogenetic analysis using ITS sequences (Figure 1).




Figure 1 | Phylogenetic tree. Internal transcribed spacer (ITS) sequences of nuclear rDNA of Candida spp. were used. The ITS sequence of the model strain was obtained from NCBI gene bank. CLC sequence viewer software was used for sequence alignment and IQ-Tree ultrafast bootstrap with 1,000 replicates was used for tree construction.



This study comprised 72.7% (8/11) males and 27.3% (3/11) females, with an average age of 58 years. Among the specimens, blood accounted for 45.5% (5/11), urine for 27.3% (3/11), ascites for 18.2% (2/11), and cerebrospinal fluid for 9.1% (1/11). The patients belonged to the following departments: intensive care unit (ICU) 45.5% (5/11), organ transplant department 18.2% (2/11), neurosurgery department 18.2% (2/11), hematology department 9.1% (1/11), and healthcare department 9.1% (1/11).



Antifungal Susceptibility

The quality control strains (C. krusei ATCC 6258 and C. parapsilosis ATCC 22019) showed MICs within the expected ranges. Aggregated MIC distributions of the nine antifungal agents tested against D. catenulata isolates by YeastOne™ are shown in Table 2. For all 11 D. catenulata isolates, the MICs of itraconazole and posaconazole were in the range of 0.06 to 0.12 μg/ml. In addition, 63.6% (7/11) of D. catenulata isolates exhibited high MIC values for fluconazole (MIC >8 μg/ml) and 81.8% (9/11) showed high MIC values (MIC ≥4 μg/ml) for caspofungin. A total of 54.5% (6/11) of D. catenulata isolates showed MICs of ≥1 μg/ml for anidulafungin. A total of 36.4% (4/11) of D. catenulata isolates showed high MICs for micafungin (MIC ≥1 μg/ml). The MICs of amphotericin B and 5-flucytosine against all D. catenulata isolates ranged from 0.25 to 1 and <0.06 to 0.12 μg/ml, respectively. Four D. catenulata isolates exhibiting increased MICs of ≥1 μg/ml for all three echinocandins were obtained in our study. Furthermore, the MIC values of echinocandins and fluconazole were high for five isolates of D. catenulata.


Table 2 | Epidemiological cutoff values (ECV) of nine antifungal agents based on aggregated minimum inhibitory concentration (MIC) distributions of Diutina catenulata.





Agreement Between the CLSI Method and Sensititre YeastOne™

The EA values of the MICs between the CLSI method and YeastOne™ for a majority of the antifungal drugs tested were >90%. In triazoles, 100% EA values were obtained for amphotericin B and 5-flucytosine. EA values for caspofungin and micafungin were 81.9 (9/11) and 91% (10/11), respectively (Supplementary Table 2).



Sequence Analysis of the ERG11 Gene in the Clinical Isolates

The complete open reading frame of D. catenulata ERG11 gene, predicted using bioinformatics analysis, showed that ERG11 comprises 1,563 base pairs (Table 3). The ERG11 gene was sequenced for all 11 D. catenulata isolates. These isolates displayed amino acid substitutions in Erg11p compared with the sequences in GenBank. The SNP F126L (C378G) and synonymous mutations C681T, C888A, C999T, and C1164T were found in two isolates with high fluconazole MICs (>32 μg/ml). Amino acid substitutions, F126L (C378G) and G417K (L139F), and synonymous mutations, C681T, C888A, C999T, and C1164T, were found in three isolates with fluconazole MICs >64 μg/ml. Additionally, one isolate with K143R (A428G) and synonymous mutations, C681T, C888A, C999T, and C1164T, showed high resistance to fluconazole (MIC >256 μg/ml). Only one resistant strain had the K143R (A428G) mutation. In addition, synonymous mutations G306A and C852T were found in three isolates (Table 4). By aligning the amino acid sequences of Erg11P from C. albicans and S. cerevisiae, we found that Erg11p of D. catenulata shared 69.75 and 65.25% identity with that of C. albicans and S. cerevisiae, respectively. Notably, the C. catenulata Erg11p contained residues at three locations (F126, L139, K143) that corresponded with three residues (F126, L139, K143, respectively) in C. albicans ERG11 (Supplementary Figure 1) whose alterations (F126L, K143R) have been reported to be associated with azole resistance (Berkow and Lockhart, 2017).


Table 3 | The variability of ERG11 and FKS1 genes in clinical Diutina catenulata isolates.




Table 4 | The variability of ERG11 gene in clinical D. catenulata isolates.





Sequence Analysis of FKS1 Gene in Clinical Isolates

The complete open reading frame of D. catenulata FKS1, determined by bioinformatics analysis, showed that FKS1 comprises 5,652 base pairs (Table 3). The FKS1 gene was sequenced for all 11 D. catenulata clinical isolates. We found 27 SNPs (A591G, G732C, T1119C, C1194T, G1203A, C1299T, G1365T, A1554G, T1605C, T1861A, C1874T, T2079C, C2100T, C2682T, C2781G, G2871A, G3036A, C3273T, G3367A, T4043G, T4062G, G4230C, C4462T, C4704T, T4977C, C5006T, and 5088C) (Supplementary Table 3). The SNP T4062G was found in an isolate with high aggregated MIC distributions for echinocandin (≥8 μg/ml). By aligning the amino acid sequence of Fks1p of D. catenulata with those of the corresponding proteins in C. albicans and S. cerevisiae (which had 83.51 and 71.29% identities with D. catenulata, respectively), we found seven amino acid substitutions in the Fks1p of D. catenulata (Supplementary Table 3). Amino acid substitution F621I was found in one isolate (Isolate 2) with capofungin MIC >8 µg/ml. Substitution I1348S was found in three isolates with echinocandin MIC ≥4 µg/ml (isolates 15, 16, and 17). Additionally, amino acid substitutions S625L and F1354L were found in one isolate with an MIC ≥8 μg/ml for three types of echinocandins (Isolate 13) (Table 5).


Table 5 | The variability of FKS1 gene in the hot spot 1 and near hot spot 2 regions in clinical D. catenulata isolates.





Literature Review

Only three of the sourced articles had reported clinical cases of infection with D. catenulata, including one case, in which the D. catenulata was isolated from the nails and two cases of D. catenulata isolated from blood culture (Crozier, 1977; Radosavljevic et al., 1999; Ha et al., 2018). One of the patients was diagnosed with gastric cancer and the other with endocarditis. One of the isolates showed low MICs for amphotericin B, miconazole, econazole, tioconazole, ketoconazole (1 μg/ml), traconazole (0.25 μg/ml), and fluconazole (16 μg/ml). Other isolates showed low MICs for fluconazole and micafungin (2 and 0.06 μg/ml, respectively). In addition, based on the patients’ clinical information, we can conclude that broad-spectrum antibiotic therapy may be a risk factor for infection with D. catenulata (Supplementary Table 4).




Discussion

With the development of identification technologies, such as MALDI-TOF MS and high-throughput sequencing, many hitherto unknown species of microorganisms have been precisely identified (Qiu et al., 2019). Diutina catenulata is a rare yeast that causes infections in humans (Radosavljevic et al., 1999; Ha et al., 2018; Çakır et al., 2019). Therefore, we determined the proportion of D. catenulata isolates among clinical strains recovered from patients using CHIF-NET and the CHIF-NET North China Program. DNA sequencing and MALDI-TOF MS can be used to identify D. catenulata at the species level, and the proportions of the different species in the sample can be compared. ITS sequencing identified all 11 isolates, and the consistency of these clinical isolates with CBS 565 was 100%. Currently, ITS sequencing is considered a reliable marker for fungal identification (Wang et al., 2012).

Most Candida species are pathogens that cause infections in immunocompromised patients (Cernakova et al., 2019). In this study, D. catenulata infection mainly occurred in elderly male admitted ICU patients, and nearly half of the infections were bloodstream infections. There are differences in drug resistance rates among Candida species (Sanguinetti et al., 2015). Candida auris has attracted much attention worldwide due to its high drug resistance and high fatality rates (Lone and Ahmad, 2019). Despite the low frequency of the species, the high MIC values observed for D. catenulata potentially could be important. In vitro antifungal susceptibility results showed that all D. catenulata showed low MICs for itraconazole, posaconazole, amphotericin B, and 5-flucytosine, but four isolates showed high MICs (≥4 μg/ml) for the echinocandins. More than 36.4% of the isolates showed high MIC values for two echinocandins. High MICs of caspofungin may predict high MICs of micafungin and anidulafungin. More than 72.7% of the isolates showed high MICs for fluconazole. Thus, we suggest that D. catenulata with high MICs for fluconazole should be evaluated for its susceptibility to other antifungals. Micafungin has excellent effects in vivo against D. catenulata in infants (Çakır et al., 2019). However, in the present study, our in vitro antifungal susceptibility test showed that 36.4% of isolates showed high MICs (≥4 μg/ml) for echinocandins.

To analyze the molecular mechanisms of the antifungal resistance of D. catenulata, we sequenced the ERG11 and FKS1 genes. In agreement with the azole drug susceptibility profiles, we found three mutations in ERG11 of D. catenulata. Interestingly, F126L and K143R are the most prevalent residue substitutions in ERG11 (Berkow et al., 2017), but the L139F substitution is an unreported new observation. The mutations in FKS1 showed polymorphism. We identified two mutations in FKS1 hot spot 1 [F621I (F641) and S625L (S645)] and one near FKS1 hot spot 2 [I1348S (I1368)] associated with high MICs of caspofungin (Toutounji et al., 2019). S625L (S645) has been reported to cause failure of micafungin treatment against C. albicans (Slater et al., 2011). G3367A was found in isolates showing high and low MIC values against caspofungin and therefore may not be a potential of high MIC values against this antifungal. Of note, caspofungin was found to have a high interlaboratory variation (Espinel-Ingroff et al., 2013) and therefore the high MIC observed for this antifungal may not necessarily be a cause of concern as long as the MIC of the micafungin and anidulafungin are included and remain low. Polymorphisms of D. catenulata may also be used as a basis for typing.

Compared with the three articles have been described, we have noticed that the MICs of fluconazole and echinocandin of some of our strains were higher than 64 and 4 µg/mL, respectively, which are significantly higher than previous studies. This obvious difference also shows that there may be some evolutionary differences between Chinese and foreign isolates. In addition, our ICU patients also are treated with antibiotics. Therefore, patients maybe at high risk of D. catenulata infection. Similar to the case with most studies, lack of detailed clinical data on antifungal treatment is a major limitation of our study, which precludes us from reaching a conclusive statement about the choice of antifungal treatment and their potential outcome.

In conclusion, because of the low isolation rates, epidemiological knowledge of rare species is critical for clinical treatment. To the best of our knowledge, this study is the first to report the occurrence and distribution of D. catenulata in China, and its findings are expected to guide clinical treatment of D. catenulata infection in the future.
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With the widespread use of antibacterial drugs and increasing number of immunocompromised patients, pulmonary fungal infections are becoming more common. However, the incidence of pulmonary fungal and bacterial co-infection is rarely reported. In this study, 119 patients definitively diagnosed with pulmonary fungal infections between July 2018 and March 2020 were assessed using metagenomic next-generation sequencing (mNGS) as well as traditional pathogen detection to gauge the incidence of fungal and bacterial co-infection and evaluate the associated risk factors. We found that of the 119 patients with fungal infections, 48 (40.3%) had pulmonary fungal and bacterial co-infection. We identified immunocompromised status and the presence of one or more pulmonary cavities as risk factors associated with fungal and bacterial co-infection. The most commonly isolated fungi species were Aspergillus, Pneumocystis, and Rhizopus. The most commonly isolated bacterial species were Pseudomonas aeruginosa, Acinetobacter baumannii, and Stenotrophomonas maltophilia. Seventy-nine (66.4%) patients had received empirical antibiotic treatment before their pathogenic test results became available, and 41.7% (fungal infection group) and 38.7% (fungal and bacterial co-infection group) of the patients had their antibacterial drug dosage changed accordingly. This mNGS-based study showed that the incidence of fungal and bacterial co-infection is significant. Our research outcomes can, thus, guide the use of antibacterial drugs in the treatment of clinical fungal infections.




Keywords: fungal infection, fungal and bacterial co-infection, risk factor, mNGS, antibacterial treatment



Introduction

The human respiratory tract is exposed to various microorganisms present in the ambient atmosphere including fungi. In most individuals, immune function can prevent fungal growth and invasion, but a growing number of immunocompromised patients and the widespread use of antibiotics has led to an increase in the incidence of pulmonary fungal infections (Limper et al., 2011; Denning and Chakrabarti, 2017; Li et al., 2021). Generally, fungal infections are more common in the elderly. However, one report provided evidence that the incidence of fungal infections in hospitalized patients aged 14–30 years has shown a clear upward trend from 2013 to 2019 (Li et al., 2021). Invasive fungal infections are associated with high mortality, with mortality rates as high as 67% being reported among patients with acute infections (Chen et al., 2001). Clearly, pulmonary fungal infections represent a significant clinical and financial burden to the medical community.

To date, few studies have reported the incidence of pulmonary co-infection of fungi and bacterium or the species of co-infecting bacteria. One report described fungal and bacterial co-infection in burn wounds (de Macedo and Santos, 2005). Presently, the clinical treatment for pulmonary fungal infections usually consists of combining antifungal and antibacterial drugs (Guan et al., 2020). In the absence of a complete understanding of fungal and bacterial co-infection, empirical addition of antibacterial drugs could enhance the risk of drug resistance. Furthermore, the non-specific symptoms of pulmonary co-infections, the limitation of diagnostic methods, and the long, time-consuming traditional detection methods with poor detection rates have hampered efforts to distinguish fungal and bacterial co-infection from other pathogenic infections.

Given the limitations of current pathogenic diagnosis, a rapid and accurate alternative method is imperative. Metagenomic next-generation sequencing (mNGS), also known as high-throughput sequencing, is a promising technique that can be used for rapid identification of infectious pathogens without the need for culture, and with greater sensitivity than traditional culture methods (Gu et al., 2019; Wang et al., 2019). Moreover, mNGS furthers the concept of “precision diagnosis and treatment,” as it can be used for multidisciplinary infection diagnosis. According to one report on peripheral pulmonary infectious lesions, the pathogen detection rate via mNGS is nearly 89%, which is significantly higher than that via traditional detection methods (Huang et al., 2020). Identifying pathogens at an early stage may change the outcome of the disease, but traditional methods based on microbiological and biochemical features are time-consuming and have low detection rates (Petrucelli et al., 2020). Therefore, herein, we used mNGS technology to identify pathogens from lung biopsy samples of patients with fungal infections, or bacterial and fungal co-infections, comparing results to those obtained by traditional methods, and assessing the type and prevalence of the species found to better understand and treat these infections.



Materials and Methods


Patients

We analyzed 119 patients with fungal infections, who were admitted to the Respiratory Department of Tianjin Medical University General Hospital from July 2018 to July 2020. All enrolled patient samples were analyzed using mNGS as well as traditional pathogen detection methods. We ascertained the underlying disease and confirmed the heart and coagulation function of all patients. Informed consent was obtained from all subjects before performing biopsy surgery. Immunocompromised patients (those with hematological malignancies, autoimmune diseases, or taking immunosuppressants) were identified. CT scans were performed on all patients using a procedure in keeping with the technical principle of CT scans. Meanwhile, we noted the patient’s anti-fungal or antibiotic treatment for the month prior to receiving the pathogen test. Enrolled patients also underwent relevant examinations according to the condition of the disease, such as galactomannan test, (1,3)-β-D-glucan test, sputum smear microscopy, and culture-based analysis. For traditional pathogen detection methods, normal flora of the skin or respiratory tract was not interpreted as pathogens. All procedures were carried out by trained personnel and the study was approved by the Ethics Review Committee of Tianjin Medical University General Hospital. The study was conducted in accordance with the guidelines outlined in the Declaration of Helsinki.



Specimen Collection and Processing

Specimens were collected by the trained staff at the Respiratory Endoscopy Center according to standard procedures. The virtual bronchoscope navigation system, endobronchial ultrasound system, and CT imaging were used to precisely locate the lesion and the results were further confirmed via rapid on-site evaluation of cytology (ROSE). Transbronchial lung biopsy (TBLB) and bronchoalveolar lavage fluid (BALF) analysis were performed by routine bronchoscopy or ultrathin bronchoscopy (Olympus, Tokyo, Japan). Six to ten pieces of lung tissue were taken from the diseased area, each piece weighing approximately 4 to 6 g. A portion of each lung biopsy was sent to the histopathology laboratory for processing with hematoxylin and eosin, Ziehl-Neelsen acid-fast, and hexamine silver staining. The rest of the tissue was used for mNGS analysis. The bronchopulmonary specimen from the diseased site was rinsed four times with sterile saline and recycled to obtain BALF. A portion of each specimen was stored at 4°C for mNGS analysis, while the remaining BALF samples were processed within 2 h. In the microbiology laboratory, BALF was used for culture and smear microscopy to identify pathogens and also assessed by the GeneXpert mycobacterium tuberculosis (MTB) and galactomannan (GM) tests.



Metagenomic Next-Generation Sequencing and Analysis

DNA was extracted from BALF and TBLB tissue samples using the TIANamp Micro DNA Kit (TIANGEN BIOTECH, Beijing, China) according to the manufacturer’s instructions. As previously described, DNA libraries were sequenced on the Beijing Genomics Institute sequencer-100 (Miao et al., 2018). High-quality sequencing data were generated by removing low-quality, adapter contamination, duplicated reads and short (length <35 bp) reads, followed by computational subtraction of human host sequences mapped to the human reference genome (hg19) using Burrows–Wheeler Alignment. The remaining data were classified using four microbial reference genomes consisting of bacteria and fungi (NCBI; ftp://ftp.ncbi.nlm.nih.gov/genomes/). The interpretation criteria used to determine the results of the mNGS test were defined via reference to previous studies (Petrucelli et al., 2020). 1) For bacteria and fungi, the relative abundance of was greater than 30% at the genus level excluding Mycobacterium tuberculosis; 2) Mycobacterium tuberculosis was considered positive, once it is satisfied that at least one read was aligned to the reference genome at species or genus level, and 3) When the pathogen was detected by the traditional detection method and the mNGS reads number was more than 50 at the same time, this pathogen can also be considered to be positively detected (Li et al., 2018).



Statistical Analyses

We used the t-test or Chi-square test to compare differences between fungal infection and fungal and bacterial co-infection and used univariate and multivariate logistic regression models to explore the risk factors associated with co-infections. All statistics were calculated by SPSS 22.0 software and results with P < 0.05 were considered statistically significant.




Results


Characteristics of Pulmonary Fungal Infection

One hundred and nineteen patients with pulmonary fungal infection in Tianjin Medical University General Hospital underwent imaging examinations, traditional pathogenic examinations, and mNGS. Other examinations were also carried out according to clinical needs, such as Xpert and GM tests of BALF, G test, and blood sample tests, among others. According to etiology, 119 patients were divided into a fungal and bacterial co-infection group (n=48) and a fungal infection group (n=71).

The average age for the patients in the fungal and bacterial co-infection group and the fungal infection group was comparable at 43.04 years and 40.77 years, respectively. In the co-infection and fungal infection groups, males accounted for 66.7% and 56.3% patients, respectively. Factors affecting immunity were heavily implicated in fungal infections. We found that 89.6% (n=43) of patients harboring co-infections were immunocompromised, while just 10.4% (n=5) of patients had normal immune function. By comparison, the proportion of immunocompromised patients in the fungal infection group was 74.6% (n=53), while 25.4% (n=18) patients had normal immune function. Results of CT imaging showed that 22 of 119 (18.5%) patients had cavity lesions in the lungs, of whom 13 were accompanied by fungal and bacterial co-infection and the rest (n=9) had only fungal infection. Among the 119 enrolled patients, 21 cases (17.6%) were detected with viruses, of which 10 cases (20.8%) were from the fungal and bacterial co-infection group, and 11 cases (15.5%) were from the fungal infection group (Table 1).


Table 1 | Baseline characteristics and risk factors of pulmonary co-infection.





Risk Factors Associated With Fungal and Bacterial Co-Infection

We assessed the role of age, sex, immune function, antibacterial treatment, and pulmonary cavities in pulmonary fungal and bacterial co-infections by univariate and multivariate logistic regression methods. Immunocompromised status had an odds ratio (OR) of 2.92 (95% CI 1.00-8.51, P = 0.043), pulmonary cavity had an OR of 2.56 (95% CI 0.99-6.59, P = 0.047), and both were significantly associated with fungal and bacterial co-infections. In contrast, age, sex, and antibacterial treatment did not play significant roles in pulmonary fungal and bacterial co-infections (P=0.580, 0.258 and 0.732, respectively), as determined by univariate analysis, and therefore, they were excluded from further analysis. We included 119 patients with complete data for immune function and pulmonary cavity (48 co-infections and 71 fungal infections) in the multivariate logistic regression model. Immunocompromised status (OR = 3.20, 95% CI: 1.07-9.62, P = 0.038) and pulmonary cavity (OR = 2.56, 95% CI: 1.06-7.49, P = 0.039) were found to be risk factors for fungal and bacterial co-infection (Table 1). This further confirmed the previous conclusion that immunocompromised status and the presence of pulmonary cavities are substantially related to co-infection of fungi and bacteria.



Distribution of Fungal Species

In the 119 patients with fungal infections, eight species of fungus were detected by mNGS and conventional laboratory-based diagnostic testing (Table 1). The most commonly observed fungal species was Aspergillus, which accounted for 47/119 infections (39.5%), followed by Pneumocystis (30, 25.2%), and Rhizopus, which was observed in 21 cases (17.6%). Cryptococcus and Lichtheimia were isolated from eleven (9.24%) and five (4.2%) samples, respectively. The relatively rare fungal species observed in this study were Penicillium, Mucor, and Scedosporium (Table 1 and Figure 1).




Figure 1 | Occurrences of bacterial co-infection with different fungal infections. Red indicates the cases of fungal infections that combine with bacterial infections. Gray indicates the cases of fungal infections. Numbers indicate the number of cases.



The top three fungal species, Aspergillus, Pneumocystis, and Rhizopus, were most commonly isolated from both the co-infection group and the fungal infection group. However, Scedosporium was not observed in the co-infection group, while Mucor was not present in the fungal infection group. Moreover, we did not find any difference in the distribution of fungal species between the two groups (P > 0.05). In conclusion, Rhizopus and Aspergillus were the most common species to present with bacterial infections in our study, and the overall occurrence of bacterial infections was unaffected by fungal species.



Pathogenic Bacterial Species in Patients With Fungal Infections

Among patients with fungal and bacterial co-infections, 17 species of bacteria were identified from the 69 strains that were isolated. For the 69 strains of bacteria, the detection rate using mNGS was 89.9%, while that of conventional laboratory-based diagnostic testing was only 21.7% with P < 0.05. The most frequently detected bacteria were Pseudomonas aeruginosa (n=14) followed by Acinetobacter baumannii (n=9) and Stenotrophomonas maltophilia (n=8), all belonging to gram-negative bacteria (Figure 2). These bacteria are three of the main pathogens often seen in hospital infections (Petrucelli et al., 2020). In addition, Haemophilus parainfluenzae (n=6) and Enterococcus faecium (n=5) co-occurred with fungi. In this study, Streptococcus pneumoniae, Klebsiella pneumoniae, and Mycobacterium tuberculosis appeared at the same frequency in co-infections (n=4). The strains identified less commonly were Legionella pneumophila, Staphylococcus haemolyticus, Enterococcus faecalis, Nocardia cyriacigeorgica, Staphylococcus aureus, Mycobacterium abscessus, Haemophilus influenzae, Enterobacter hormaechei, and Acinetobacter junii. Overall, the frequency of these bacterial species remained the same as in nosocomial infections, with nonfermenting gram-negative bacilli, followed by enterobacteria. For the fungal and bacterial co-infection group, 66.7% (n=32) of patients infected by fungi were co-infected with a single bacterium, 22.9% (n=11) of patients were co-infected with two kinds of bacteria, and 10.4% (n=5) of patients were co-infected with three kinds of bacteria (Figure 3). Which bacterial species were found co-infecting with a particular fungal pathogen was shown in Supplementary Table 1.




Figure 2 | Type of bacteria observed in cases of fungal and bacterial co-infection. The x-axis displays the number of isolates in which the corresponding bacterial species were found.






Figure 3 | Distribution of bacterial infections in patients with fungal infection. The larger blue pie represents fungal infections vs co-infections, and the smaller pie is the distribution of bacterial infections within the co-infection group.





Modification of the Treatment Strategy Due to Etiological Results

We Collected The Clinical Treatment Data Of The 119 Cases, Of Which 66.4% (79 cases: 48 from the fungal infection group and 31 from the co-infection group), had received empirical antibiotic treatment before their pathogenic test results became available. Subsequently, the use of antibacterial drugs was appropriately adjusted. The number of patients in the fungal infection group and co-infection group was 14 (29.2%) and 12 (38.7%), respectively. In the fungal infection group, six patients stopped using antibacterial drugs. Treatment adjustments included replacement upgrade and de-escalation of antibiotics. Overall, empirical use of antibacterial drugs was changed in 41.7% of the patients in the fungal infection group and 38.7% of patients in the fungal and bacterial group (Table 2).


Table 2 | The influence of etiology on clinical antibacterial treatment.






Discussion

Current evidence on the incidence of pulmonary fungal infections accompanied by other pathogenic infections is sparse, with most studies focusing on the relationship between Aspergillus and Pseudomonas aeruginosa infection (Briard et al., 2015; Briard et al., 2016). Our results showed that 40.3% of patients with pulmonary fungal infections had fungal and bacterial co-infections. The clinical manifestations of fungal and bacterial co-infections are more serious than those of fungal infections alone. Here, we only studied the co-existence of bacteria and fungi; however, we do not know which microorganism appeared first in the pulmonary infections. Some studies have reported that A. fumigatus colonization is preceded by fungal infection in patients with chronic obstructive pulmonary diseases (COPD) and cystic fibrosis (Borman et al., 2010; Gago et al., 2019).

Microorganisms do not exist alone, and invariably exhibit direct or indirect communication among themselves (Kolwijck and van de Veerdonk, 2014). Compared with a single pathogen infection, a differential immune response is mounted when patients are infected with multiple pathogens, and this may lead to different clinical outcomes. At present, relatively few studies have focused on the interaction between fungi and bacteria, especially in the respiratory system. Prior studies were mostly performed in vitro and in animal models, and the results typically demonstrated that bacteria had an inhibitory effect on fungi (Ferreira et al., 2015; Sass et al., 2018). For example, in a murine model of pulmonary disease, immunosuppressed mice with A. fumigatus and P. aeruginosa co-infection had a higher survival rate than animals infected with A. fumigatus alone. However, our result shows that the proportion of patients with bacterial-fungal co-infection is as high as 40.3% among patients with pulmonary fungal infections, which may suggest that interspecies microbial interactions have a positive correlation.

In our study, among the eight types of fungus isolated, Aspergillus, Pneumocystis, and Rhizopus were the most prevalent. However, results of another study analyzed the pathogens in 1,644 in-patients with pulmonary fungal infection and found Aspergillus, Cryptococcus, and Talaromyces marneffei as the three most common fungi (Li et al., 2021). Comparing their study with ours, only the Aspergillus was commonly observed in patients with bacterial and fungal co-infections, which may be ascribed to the different geographical distribution and the considerably larger number of cases in the earlier study. For example, Talaromyces is epidemic in mountainous/tropical regions in south east Asia, which is likely not present in patients accepted at the location examined in this study presuming no such travel history.

Fungal infections commonly occur in immunocompromised individuals. However, in our study, a large proportion (19.3%) of patients with pulmonary fungal infections had normal immune function. An increasing number of reports show that immunocompetent patients suffer from fungal infections, probably due to environmental exposures, genetic factors, or structural pulmonary risk factors (Denning and Chakrabarti, 2017; Latgé and Chamilos, 2019). Immunocompromised status was nevertheless a significant risk factor for co-infection of bacteria and fungi, which is consistent with previous studies (Zhou et al., 2020). The presence of pulmonary cavity lesions also increased susceptibility to co-infection. Pulmonary cavitation is a relatively serious pulmonary affliction, which may cause massive pulmonary hemorrhage and affect the ability of drugs to reach the diseased site, leading to ineffective treatment (AlShanafey et al., 2019). Antibiotic treatment has been shown to lead to fungal dominance (Jain et al., 2021), however, it is not identified as a risk factor in this study, which is likely due to the patient’s short-term treatment. CT cavitary images may be used as the standard for comparing the severity of infection in cases of fungal infection to those with fungal and bacterial co-infection. In our study, the proportion of pulmonary cavitation was significantly higher in the co-infection group than in the fungal infection group. Hence, we concluded that the combined bacterial infection may aggravate the disease, which is consistent with current findings in humans. A retrospective cohort study showed that compared with P. aeruginosa infection alone, A. fumigatus and P. aeruginosa co-infection caused more rapid decline in patients with lung function and worsened clinical outcomes (Amin et al., 2010). Another study suggested that S. maltophilia and P. aeruginosa infections are associated with a higher probability of concurrent Aspergillus infection, which exacerbates clinical manifestations (Granchelli et al., 2018). These findings explain, to some extent, the diversity of interactions and clinical effects observed in fungal and bacterial co-infections. Similarly, the diversity of interactions between microorganisms also partially explains why some clinical treatments against pathogenic bacteria fail. In our study, the appearance of pulmonary cavitation was not common. There are numerous unknown factors surrounding these observations, and further research is required to fully understand the mechanisms at play.

We did not find a difference in the distribution of bacterial species in people with normal and defective immune functions. However, since we only studied the distribution of bacterial species in the short term after the use of antibacterial drugs, we do not know the long-term effects. For fungal and bacterial co-infections, 17 types of bacteria were identified, almost all of which were hospital-associated pathogens. P. aeruginosa, the most commonly isolated bacterial species in this study, is a gram-negative opportunistic pathogen existing in diverse environmental settings that harbors multi-drug resistance and poses serious therapeutic challenges (Lister et al., 2009; Leroy et al., 2021). Interestingly, four strains of Mycobacterium tuberculosis were isolated in pulmonary bacterial and fungal co-infection, of which three were co-infected with Aspergillus and one with Rhizopus. A study once reported 8 cases of Cryptococcus and Mycobacterium tuberculosis co-infections, and most of them occurred in the brain (Chen et al., 2016). Based on statistical analysis and the description of the bacteria likely to co-infect with fungi in patients with pulmonary fungal infection, our findings will be useful for future clinical management of pulmonary fungal diseases.

The identification of co-infection of fungi and bacteria had a notable impact on clinical treatment. Fungal infections are treated with only antifungal treatment, while antibacterial and antifungal treatment is offered when patients are co-infected. In our study, a large proportion (66.4%) of patients had received empirical antibiotic treatment before their pathogenic test results were available. After the etiological results became known, 40.5% of the previously used empirical antibacterial drugs were discontinued or changed, since patients without bacterial co-infection may have other diseases, necessitating the continued use of antibacterial drugs. Anti-fungal or antibiotic treatment can skew the composition of the species that colonize the host, which consequently show less diversity. It is quite common for immunocompromised patients to be prescribed preventive antibiotic use.

mNGS is an unbiased approach for sequence identification of pathogenic microorganisms. One study revealed that mNGS is advantageous for the evaluation of fungal infections and suggested that mNGS combined with smear analyses should be used as a routine diagnostic tool for identifying invasive fungal infections (Li et al., 2018). We used mNGS combined with conventional laboratory-based diagnostic testing to gain more accurate and comprehensive information related to co-infecting microbes in patients with pulmonary fungal infections. mNGS offers the important advantage of detecting infectious pathogens, since it is less affected by prior antibiotic exposure.



Limitations

Anti-fungal or antibiotic treatment can change the composition and diversity of the microbial species present in the body. As we only obtained each patient’s medication history for one month before diagnosis, we cannot be sure of the impact their earlier medication history might have had on the test results.



Conclusions

The incidence of fungal and bacterial co-infections is considerable in our mNGS-based study. Our research results should lead to more rational and precise anti-infective treatments, especially for patients who are difficult to diagnose by conventional methods, thereby having a positive impact on assessment of risk and clinical outcomes in these cases.
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Background

Cryptococcosis is caused by a fungi of the Cryptococcus neoformans/Cryptococcus gattii complex and is a severe concern for public health worldwide. C. neoformans species are globally distributed, and C. gattii species are mostly found in America, Australia, and Sub-Saharan Africa. Cryptococcus usually infects an immunocompromised population; however, the majority of cryptococcosis in China has been reported in patients without any recognizable immunosuppression, i.e., HIV infection. To date, very few studies investigated this disease in South Central China.



Methods

The present study recruited 230 clinically suspected cryptococcosis cases in the last 5 years at two hospitals in Jiangxi Province, South Central China. All isolated strains were subjected to multilocus sequence typing (MLST) and phylogenetic analysis. Serotype and mating type were assessed by PCR, in vitro antifungal susceptibility was assessed by the CLSI-M27-A3 protocol.



Results

A total of 230 patients were identified as infected by C. neoformans, including 12 cases with Talaromyces marneffei coinfection. All seven MLST markers were successfully amplified and used to identify the ST genotype in 199 strains. C. gattii strains were not detected. In contrast to previous studies, 59.3% of the patients had an immunocompromised status, and 61.9% of these patients were infected with HIV. All isolates manifested serotype A and mating type α. The ST5 genotype was common (89.5%) in the Jiangxi region, and three novel genotypes (ST656, ST657, and ST658 in six isolates) were detected in the present study. A total of 86 of the isolates (43.2%) were not sensitive to fluconazole at a MIC50 ≥ 8 μg/ml, most of the isolates were resistant to amphotericin B, and nearly all isolates were resistant to itraconazole and posaconazole. Resistances to 5-Flucytosine and voriconazole were very rare.



Conclusions

The results of the present study indicated that C. neoformans is the predominant species for cryptococcosis in Jiangxi Province, and a large proportion of the strains were not sensitive to fluconazole, which may be related to treatment failure and relapse. A high percentage of HIV-related C. neoformans infections was reported in Jiangxi, supporting a previous hypothesis that cryptococcosis is more frequent among the HIV-infected population in China. Continuous monitoring of species distribution and antifungal sensitivity is important for the investigation of this severe disease in the Jiangxi region.





Keywords: Cryptococcus neoformans/Cryptococcus gattii complex, multilocus sequence typing, antifungal susceptibility, resistance, fluconazole



Introduction

Cryptococcosis is an invasive fungal infection with high morbidity and mortality. Cryptococcus neoformans and C. gattii are the main etiological agents of the disease. The pathogens are present in the environment in diverse ecological niches, e.g., eucalyptus trees and the feces of pigeons (Ellis and Pfeiffer, 1990; May et al., 2016).

Based on the pathogenicity and molecular biological characteristics, C. neoformans/C. gattii is divided in seven distinct taxa (Hagen et al., 2015). The taxon C. neoformans (former called Cryptococcus neoformans var. grubii) has a wide distribution and is the main pathogen of cryptococcosis in China. Strains of this taxon can be identified by PCR-fingerprinting and DNA sequencing (molecular type: VNI, VNII). Strains of C. neoformans have the serotype A (Meyer et al., 2003). C. deneoformans (synonymy C. neoformans var. neoformans) is characterized by the molecular type VNIV and having the serotype D. It has a wide distribution but is most commonly found in Europe. Cryptococcus gatti s.l. (sensu lato, in a broader sense) is now divided in five species: C. gattii (with the molecular type VGI), C. bacillisporus (VGIII), C. deuterogattii (VGII), and C. tetragattii (VGIV). These species are characterized by the serotypes B and C. Cryptococcus gatti s.l. has a worldwide distribution with hotspots in America, Australia, and Sub-Saharan Africa.

Cryptococcus is mostly found in the haploid form, growing as a yeast, and reproducing asexually; but they are able to mate and have the ability of sexual recombination. Even an interspecific hybridization between C. neoformans, C. deneoformans, and also C. gatti s.l. have been found (Hagen et al., 2015).

Spores or yeast cells of Cryptococcus are inhaled from the environment by humans and enter through the respiratory tract (Velagapudi et al., 2009). In immunocompetent hosts, the fungus normally is stopped by the immune system, even though the pathogen sometimes causes a latent and symptomatic infection (Qu et al., 2020). In immunocompromised hosts, Cryptococcus can cause pneumonia and can disseminate to other tissues, mainly to the central nervous system (May et al., 2016). In more than 80% of clinical cases with cryptococcal infections, cryptococcal meningitis were diagnosed (Rajasingham et al., 2017). Although the absolute number of cryptococcal deaths has decreased since 2008, the proportion of AIDS-related mortality remains high. An estimated 15% of cryptococcal meningitis are the cause of AIDS-related deaths (Rajasingham et al., 2017).

Although most fatal infections occur in southern Saharan Africa, an increasing number of cases have been reported in other regions, including China (Yuchong et al., 2012). Interestingly, the majority of cryptococcosis in China was reported in non-HIV patients (>80%), and infections were also reported from immunocompetent hosts (Fang et al., 2015; Zhou et al., 2020). A systematic literature review by Zhou et al. noted that cryptococcal meningitis occurred in China in immunocompetent individuals almost twice as often as in patients with AIDS (Zhou et al., 2020). Jiangxi Province is a large agricultural province in South Central China with a population of more than 45 million residents. The subtropical and humid climate is favorable for C. neoformans (Li et al., 2012). Occurrence of cryptococcal infections continues to increase; however, large-scale epidemiological data on cryptococcosis from this region are very limited (Chen et al., 2018). The two most important nationwide studies, reviewing the epidemiology of Cryptococcus in China, reported the retrieval of only very few strains from Jiangxi Province (Chen et al., 2008; Fang et al., 2015).

Only the study by Chen et al. (2018), about the epidemiology of cryptococcosis in Jiangxi Province, systematically analyzed the cryptococcosis epidemiology in this province, on the basis of 86 cases (Chen et al., 2018). The study included Cryptococcus cases occurring in a period of two years. Notably, all Cryptococcus strains were sensitive to routine antifungal agents: flucytosine, amphotericin B, itraconazole, voriconazole, and fluconazole. According to the Invasive Fungal Surveillance Net (CHIF-NET), resistance to fluconazole occurred in about 10% of the strains analyzed in China (Xiao et al., 2018). Thus, we increased the number of analyzed Cryptococcus strains collected in Jiangxi Province to obtain a more representative database on fluconazole resistance.

All Cryptococcus strains isolated in Jiangxi Province belong to the Cryptococcus neoformans/Cryptococcus gattii complex. The study of Chen et al. identified all 86 isolates as C. neoformans serotype A and mating type α (Chen et al., 2018). Recently, Cao et al. reported emerging C. gattii s.l. infections in Guangxi Province, south of Jiangxi Province (Huang et al., 2020). By increasing the number of Cryptococcus isolates, we aimed to provide a more accurate description of Cryptococcus diversity in Jiangxi Province.

Reports of C. neoformans meningitis (CM) were almost exclusively from patients of the hospitals associated with Chinese universities, whereas most Chinese HIV-infected patients are treated in specialized infectious disease hospitals. Thus, Chen et al. suggested that CM cases in the HIV-infected population in China may have been severely underreported (Chen et al., 2020). Additionally, Chen et al. (2018) reported that 40% of Cryptococcus infections were HIV-related.

Therefore, to obtain additional information about the species distribution in Jiangxi Province, molecular epidemiology, and antifungal-drug susceptibility, we conducted a two-center retrospective study including 230 clinically diagnosed cryptococcosis cases, which were all recorded in the last 5 years. The patients originated from nearly all regions of Jiangxi Province; a combination of MLST genotype analysis and in vitro antifungal tests was used for serotype and mating type determination. The aims of the present study were as follows: (1) to describe the species distribution and molecular epidemiology of clinical Cryptococcus in Jiangxi Province; (2) to explore the in vitro antifungal profiles of Cryptococcus, especially potential resistance to fluconazole; and (3) to describe the serotype and mating type loci in the clinical strains in South China.



Materials and Methods


Study Population and Geographic Region

The present retrospective study was conducted at two high level general hospitals in Jiangxi Province, Jiangxi Provincial Chest Hospital and Jiangxi People’s Provincial Hospital. The data were retrieved from the medical records stored at the hospitals, and all Jiangxi native patients diagnosed with Cryptococcus infections from July 2015 to June 2020 were recruited. Approval for the present study was granted by the Ethics Committee of Jiangxi People’s Provincial Hospital affiliated with Nanchang University.

The investigated area, Jiangxi, is located in South Central China on the south bank of the middle and lower reaches of the Yangtze River (Figure 1). The location is characterized by an annual 77.5% humidity and 18.75°C temperature, which corresponds to a typical subtropical climate. The data were checked by two highly qualified physicians (ZP and CM), including the epidemiological, demographic, clinical, and laboratory examinations. The inclusion criteria were as follows: (1) discharge diagnosis referring to “cryptococcosis”; (2) clinical and radiographic findings consistent with cryptococcosis; (3) positive result of a cryptococcal capsular polysaccharide antigen (CrAg) test; and (4) positive fungal culture and persistence in the microbiology tests (see below).




Figure 1 | Surveillance point, Jiangxi Province and patient distribution in various cities.





Strains and Polymerase Chain Reaction Procedure

All clinical strains were stored in 20% glycerol at -80°C and recovered by culture at 35°C in a Sabouraud dextrose agar (SDA; 1% peptone, 4% glucose, and 1.5% agar) medium containing chloramphenicol (100 µg/ml). Genomic DNA was extracted from each isolate according to the instructions of the manufacturer (plant genomic DNA extraction reagents from KangWei Century Co., product no. CW0531M) with minor modifications. Briefly, the strains were incubated on SDA agar plates at 35°C for 24 hours. Half gram of fungal cells was picked and transferred to a 2-ml Eppendorf tube containing 400 µl of LP1 buffer; the tube was shaken three times by a tissue lapping machine. Then, the mixture was removed, and 5 µl of RNase A was added; subsequent steps followed the instructions of the manufacturer. Finally, the DNA was dissolved in 50 µl of sterilized water and stored at -80°C. PCR was performed with the 2×T5 Super PCR Mix (Qingke Biotechnology Company, TSE005) according to the instructions of the manufacturer.



Identification of the Species, Serotypes, and Mating Types

To identify the Cryptococcus species, we amplified the IGS1 gene regions of all samples. The PCR products were detected after electrophoresis through 1% agarose gels, and positive products were sequenced by Qingke Biotechnology Company on the ABI 3730xL platform. The sequences were edited by the Seqman software and BLAST’ed in the NCBI database. To determine the serotypes and mating types, we used a previously reported method (Yan et al., 2002). Briefly, serotype- and mating type-specific primers (Table S1) of the STE20 gene were amplified and checked on 1% agarose gels together with the samples of the reference strains.



Multiolocus Sequence Typing and Phylogeny Analysis

The present study used seven universal housekeeping genes for the MLST analysis of the C. neoformans/C. gattii complex according to the ISHAM consensus criteria (CAP59, GPD1, LAC1, PLB1, SOD1, URA5, and IGS1 regions) (see Table S1) (Hiremath et al., 2008; Meyer et al., 2009). Briefly, all genes were amplified according to (Hiremath et al., 2008), sequenced by Qingke Biotechnology Company, and then BLAST’ed in NCBI for confirmation. Then, all sequences were submitted to the NCBI GenBank to acquire the gene accessions and to the C. neoformans/C. gattii species complex database (https://mlst.mycologylab.org/page/Home) to obtain the sequence types (ST).

For each ST genotype, we used a single clinical strain for the phylogenetic analysis. The STs reported by Chen et al. (2018) and different from the STs in the present study were downloaded and incorporated into the tree. Each gene was checked by the Mega 6.06 software, and the seven MLST loci were concatenated by Gedit. The phylogenetic tree was constructed by the neighbor-joining algorithm according to the Tamura-Nei model using 500 bootstrap replications with JEC21 as the outgroup (Tamura et al., 2013).



In Vitro Antifungal Susceptibility Testing

According to the antifungal drug sensitivity test protocol CLSI-M27-A3, fluconazole (FLU) drug sensitivity test was performed in a total of 199 C. neoformans isolates, and 86 strains with FLU MIC50 ≥ 8 μg/ml were tested for antifungal susceptibility to amphotericin B (AMB), flucytosine (5FC), voriconazole (VOR), itraconazole (ITR), and posaconazole (POS). Candida krusei ATCC6258 and Candida parapsilosis ATCC22019 were used as quality controls. The minimal inhibitory concentrations (MICs) and epidemiological cutoff values (ECVs) were obtained according to the standard manual procedures. The ECV breakpoints for fluconazole and flucytosine were ≥8 μg/ml, as suggested by previous studies (Espinel-Ingroff et al., 2012a; Espinel-Ingroff et al., 2012b), and breakpoints for amphotericin B were ≥1 μg/ml (Espinel-Ingroff et al., 2012b). For ITR, VOR, and POS, we used the value ≥0.25 μg/ml from a previous study (Espinel-Ingroff et al., 2012a).




Results


Demographic Data Relevant to Clinical Isolates

The present study recruited 230 cryptococcosis cases based on the clinical records in the last 5 years in Jiangxi Province, South China. A total of 5.2% (12/230) of the patients had a coinfection with Talaromyces marneffei. Therefore, 218 samples were used for the subsequent molecular and epidemiological analysis. Amplifications based on all seven MLST primer sets identified the genotypes in 199 samples (see below). Most of the isolates were obtained from cerebrospinal fluid (n = 141; 70.9%), followed by blood (n = 56; 28.1%), and single isolate was obtained from the bone marrow and pleural fluid (n = 1; 0.5%). The isolates were obtained from patients in 11 cities in Jiangxi Province (Table 1 and Figure 1). A total of 54 (27.1%) samples were from Shangrao City, 46 (23.1%) samples from Nanchang City, 21 (10.6%) samples from Ji’an, 20 (10.1%) samples from Yichun, 16 (8%) samples from Jiujiang, 12 (6%) samples from Yingtan, 11 (5.5%) samples from Fuzhou, and 11 (5.5%) samples from Jingdezhen. The remaining 8 (4%) samples were obtained from smaller cities or villages. More than 50% of the patients were from the two main cities, Shangrao and Nanchang; Nanchang harbors the central surveillance station for fungal infections in Jiangxi Province. Fewer cases were from Ganzhou, which is 400 km away from Nanchang and has its own large general hospital.


Table 1 | Clinical information of 199 cryptococcus neoformans infections.



A total of 199 isolates included 128 (64.3%) isolates from male patients and 71 (35.7%) isolates from female patients. The age of the patients ranged from 4 to 79 years, with a mean age of 48.8 ± 17 (M ± SD) years. The following age distribution was detected: 3 patients younger than 18 years, 79 aged 19–45 years, 94 aged 46–70 years, and 23 older than 70 years.

In total, 59.3% (118/199) of the patients had a deficient or suppressed immune status, and 40.7% (81/199) were apparently immunocompetent. A total of 36.7% (73/199) of the patients had an HIV-related pathology, 13.1% (26/199) had diabetes, 24.1% (48/199) had other opportunistic infections, i.e., cytomegalovirus infection and Mycobacterium tuberculosis, 4.5% (9/199) had a systemic autoimmune disease, and the remaining 5.5% (11/199) were immunosuppressed with other diseases, including malignant cancer and leukopenia. All patients received timely antifungal treatment in combination with supportive therapy after the diagnosis of cryptococcosis; however, 8 patients died due to severe organ damage.



Identification and Analysis of the Serotype, Mating Type, and Multilocus Sequence Typing

Initially, genomic DNA of the strains was extracted, and the IGS1 gene was amplified. BLASTn search against the NCBI database identified 218 isolates as C. neoformans species. A total of 199 strains were identified at the level of the genotypes by MLST analysis. The 12 isolates, coinfected with Talaromyces marneffei, were not further explored. C. gattii strains were not detected. The serotype and mating type of all these isolates were determined by the methods described by Yan et al. (2002). The primer sequences are listed in Table S1. A 588-bp fragment of all 199 strains was amplified by using the STE20Aα primer pair. All tests with the STE20Aa, STE20Da, and STE20Dα primer pairs were negative. All strains were determined to be serotype A and mating type α.

MLST analysis identified eight different sequence types (STs). A total of 178 (89.5%) isolates belonged to ST5, 9 to ST359, 4 to ST6, 1 to ST31, and 1 to ST81. Three novel sequence types were detected in six isolates with previously unknown sequence variations. The new sequence variations matched the ST656, ST657, and ST658 designations from the Fungal MLST Database (https://mlst.mycologylab.org).

Allelic assignments of the gene sequences in the MLST database for eight multilocus sequence types are listed in Table 2. The ST5 genotype was predominant and widely distributed in Jiangxi Province. Nine ST359 strains originated from Ji’an (3), Shangrao (2), Nanchang (2), Jiujiang (1), and Xinyu (1). All four ST6 strains originated from Shangrao; a single ST81 strain originated from Yichun, and a single ST31 strain originated from Ganzhou. Three ST657 strains with novel genotypes were from Shangrao; two ST658 strains from Yichun, and the ST656 strain from Nanchang.


Table 2 | Allelic assignments of eight multilocus sequence types in the present study.





Phylogenetic Analysis

A combination with the data reported in a study of Chen et al. (2018) indicated that 13 ST types were present in Jiangxi Province, including ST5, ST6, ST31, ST32, ST81, ST139, ST186, ST226, ST319, ST359, ST656, ST657, and ST658. The results of the present study indicated that ST31, ST32, and ST319 were genetically similar and clustered into a clade separate from the other strains. The other strains were more similar to each other, having only a few nucleotide polymorphisms (Figure 2).




Figure 2 | Phylogenetic tree constructed using the neighbor-joining method with a bootstrap of 500 based on the concatenated sequences at seven MLST loci using JEC21 as the outgroup.





Details of a New Sequence Type Genotype

The present study detected three novel genotypes (ST656, ST657, and ST658), which were different from the previously known STs in the loci SOD1, PLB1, and IGS1. Detailed allelic assignment of each new sequence type was as follows: SOD1: allele #68 was detected in ST656; PLB1: allele #44 in ST657; and IGS1: allele #98 in ST658. The three new genotypes were scattered in various regions, and the patients had different underlying diseases. The ST656 strain originated from the CSF of a 79-year-old male patient who lived in Nanchang and had concomitant complications, including pulmonary tuberculosis, hypertension, gout disease, and chronic hepatitis B infection. Five other patients were immunocompromised and had HIV infection, diabetes, cancer, or surgery. However, none of these patients reported a history of travel or close contact with pigeons.



In Vitro Antifungal Susceptibility

The drug sensitivity test to fluconazole (FLU) was performed using 199 C. neoformans isolates, including 113 (56.8%) isolates that had an MIC50 < 8 μg/ml, 64 (32.2%) that had an MIC50 of 8 μg/ml, and 22 (11.1%) that had an MIC50 ≥ 16 μg/ml (Table 3). Recommended breakpoints for Cryptococcus sensitivity to FLU are undefined; thus, we regarded 86 strains (43.2%) with an MIC50 0 ≥8 μg/ml as resistant strains and tested their susceptibility to other commonly used antifungal drugs, including amphotericin B (AMB), flucytosine (5-FC), voriconazole (VOR), itraconazole (ITR), and posaconazole (POS).


Table 3 | The results of the in vitro tests of six antifungal drugs in 86 fluconazole-resistant isolates.



MIC50 for FLU ranged from 0.25 to 64 μg/ml (GM 5.1 μg/ml). The percentages of resistant strains in each location were as follows: 40.7% (22/54) in Shangrao, 45.7% (21/46) in Nanchang, 38.1% (8/21) in Ji’an, 55% (11/20) in Yichun, 50% (8/16) in Jiujiang, 50% (6/12) in Yingtan, 54.6% (6/11) in Jingdezhen, 66.7% (2/3) in Ganzhou, 9.1% (1/11) in Fuzhou, and 25% (1/4) in Xinyu. These FLU-resistant strains had a highly variable ST genotype distribution: 39.9% (71/178) of ST5, 75% (3/4) of ST6, 66.7% (6/9) of ST359, 33% (1/3) of ST657, 50% (1/2) of ST658, and 100% of ST81 (1/1) and ST656 (1/1). Considering the high variability in the ST strain percentages, it is difficult to define the relationship between FLU resistance and the ST genotypes.

Our data indicated that nearly all 86 fluconazole-resistant Cryptococcus isolates were also resistant to ITR and POS, most of the 86 fluconazole-resistant Cryptococcus isolates were resistant to AMB. Only three strains (JXC070, JXC010, and JXC136) were susceptible to POS; a single strain (JXC136) was susceptible to ITR (Table 3).

These 86 strains included 18 strains that were not susceptible to 5-FC (JXC008, JXC013, JXC016, JXC017, JXC019, JXC032, JXC038, JXC054, JXC070, JXC081, JXC096, JXC113, JXC145, JXC146, JXC181, JXC254, JXC260, and JXC278), and 6 strains were not sensitive to VOR (JXC001, JXC003, JXC038, JXC054, JXC143, and JXC191). A total of 22 strains with an FLU MIC50 ≥ 16 μg/ml included 7 isolates (JXC017, JXC019, JXC038, JXC054, JXC081, JXC113, and JXC145) resistant to 5-FC and 5 isolates (JXC003, JXC038, JXC054, JXC143, and JXC191) to VOR (Table 3).




Discussion

An increasing number of studies on the epidemiology of cryptococcosis in China have been published; however, only a very few reports described the situation in Jiangxi Province, which is a large agricultural province with a population of more than 45 million people in South Central China (Chen et al., 2008). Only a single molecular epidemiology study on cryptococcosis was reported in 2018, in which Chen et al. (2018) analyzed 86 clinical cryptococcosis cases in this region. C. gattii was not detected, and all strains were sensitive to flucytosine, amphotericin B, fluconazole, itraconazole, and voriconazole (Chen et al., 2018). The study has been the first to report the profiles of Cryptococcus infections in the Jiangxi region; however, some questions remained and needed to be confirmed using large-scale data.

The present study recruited 230 cases of cryptococcosis over 5 years at two hospitals. One of the hospitals was a large general hospital (Jiangxi Provincial People’s Hospital with more than 3,500 ward beds), and another hospital was a specialized hospital (Jiangxi Provincial Chest Hospital), which is famous for treating cryptococcosis and registered the highest number of Cryptococcus cases in Jiangxi Province. To a certain extent, these data can reveal the general distribution of this disease.

C. neoformans s.l. is globally distributed, and Cryptococcus gattii s.l. has a wide distribution with hot spots in America, Australia, and Sub-Saharan Africa. Recently, Cao et al. reported an emergence of C. gattii s.l. infections in Guangxi in South China (Huang et al., 2020) However, the present study and the study of Chen et al. (2018) did not detect the strains of C. gattii s.l. in Jiangxi. All 199 strains belonged to the serotype A and MATα. Monitoring should be continued to prevent the invasion and spreading of C. gattii s.l.

Usually, cryptococcosis is an opportunistic fungal disease that mainly infects immunocompromised populations, particularly HIV-infected patients. However, the situation seems to be rather different in China. A review by Chen et al. published in 2020 pointed out that the proportion of HIV-related cryptococcosis meningitis (CM) is 80% in the United States, 95% in Brazil, 77% in Europe, and only 16% in China (Viviani et al., 2006; Leal et al., 2008; Pyrgos et al., 2013; Chen et al., 2020). The authors speculated that the reported differences are likely due to a biased reporting in China, and most cases have been reported by university-affiliated hospitals, which are not officially designated specialized hospitals that treat highly infectious diseases, i.e., HIV and tuberculosis. Therefore, the authors suggested that occurrence of CM in HIV-infected population in China has been severely underreported (Chen et al., 2020). The results of the present study indicated that HIV-positive patients accounted for 36.7% of all cases, and approximately 60% of the patients had an underlying deficiency or suppressed immune system; these numbers were considerably higher than the numbers reported previously. Considering that most of the cases of the present study originated from Jiangxi Provincial Chest Hospital, which is famous for treating cryptococcosis and, therefore, attracts the highest number of cases of this disease, the results of the present study confirmed the suggestion of Chen on the enormous underreporting of HIV-related cryptococcosis infections.

To date, a total of 17 ST genotypes have been reported in China, including 15 sequence types (ST5, ST31, ST38, ST53, ST57, ST63, ST93, ST186, ST191, ST194, ST195, ST295, ST296, ST359, and ST360) in mainland China and another two types (ST4 and ST6) from Hong Kong, China (Khayhan et al., 2013; Dou et al., 2015; Fan et al., 2016; Dou et al., 2017). Here, we reported three new STs (ST356, ST357, ST358), but according to the phylogenetic analysis, they are very similar to the existing genotypes and only one nucleotide differentiated in each new ST. Cryptococcosis in China is mainly caused by C. neoformans, and >90% of the strains belong to ST5 (Fan et al., 2016). Combined analysis of the sequences reported by Chen et al. (2018) indicated that 13 STs were identified in Jiangxi by a consensus multilocus sequence typing protocol, and three novel ST genotypes (ST656, ST657, and ST658) were detected in the present study and acquired from the Fungal MLST Database (https://mlst.mycologylab.org). Similar to a report of Chen et al. (2018), 90% of the strains in the present study belonged to ST5 (molecular type VNI), serotype A, and mating type α (MAT α). Therefore, these data indicated that serotype A and MAT α strains of the ST5 genotype are predominant in Jiangxi Province. C. neoformans is very successful at long-distance and short-distance dispersal, and abundant genetic mutant strains may be present in Jiangxi and may have unique genes. The spread of the genotypes between various geographical locations may be caused by wind, pigeons and other animals, plants, and human activities. Genetic mutations may be a reason for the presence of new sequence types in Jiangxi.

Mainly three classes of agents are used to treat Cryptococcus infections: polyenes (mainly amphotericin B), azoles (mainly fluconazole), and nucleoside analog (mainly 5-flucytosine). Amphotericin B preparations plus 5-flucytosine is often used as the initial treatment of meningitis, disseminated infection, or moderate-to-severe pulmonary infection followed by fluconazole as a consolidation therapy. Resistance against these substances have been detected in several Cryptococcus strains. The general molecular mechanisms of resistance are conserved among fungal species but have been acquired independently in several fungal strains and taxa. The most prevalent mechanism of resistance involves increased drug efflux pump activity and alterations in antifungal drug targets, due to increased target expression or mutations within the target protein sequence (Berman and Krysan, 2020).

Fluconazole is the most commonly used antifungal agent for the treatment and prophylaxis of cryptococcosis. Over the years, resistance of the clinical isolates of C. neoformans to FLU has gradually increased, and current resistance is a relatively common event in relapse episodes of cryptococcal meningitis (Bongomin et al., 2018). In contrast to the report of Chen et al. (2018), which demonstrated that all isolates were sensitive to routine antifungal agents, antifungal susceptibility tests in the present study indicated that 43.2% of the strains had MICs ≥ 8 μg/ml for fluconazole and 11.1% of the strains had MICs higher than ≥16 μg/ml. Most of the strains with MICs ≥ 8 μg/ml were also resistant to ITR, AMB, and POSA, and a few of these strains were resistant to VRC and 5FC. Fluconazole resistance has been reported by a CHIF-NET study in 2018 in China, in which fluconazole-resistant isolates of C. neoformans were detected in 9.7% of the strains.

We observed variations in MICs between various ST genotype strains. Approximately 40% of ST5 isolates were not sensitive to FLU with MIC50 ≥ 8 μg/ml; for ST6, ST81, ST359, ST656, and ST658 this was 75%, 100%, 66.7%, 100%, and 50%, respectively. Considering the limited data on these ST strains, we cannot determine a relationship between these genotypes and antifungal sensitivity.

In conclusion, the present study on 199 clinical cryptococcosis cases identified ST5 (molecular type VNI) belonging to serotype A and mating type α (MAT α) as the predominant C. neoformans in Jiangxi Province, South Central China. High prevalence of immunocompromised-related infections, particularly in the HIV-infected populations, was reported in Jiangxi Province. Additionally, an increased resistance of C. neoformans species to fluconazole was detected in this region. Therefore, a close and continuous monitoring of the epidemiology of this severe fungal disease is necessary for public surveillance and precise treatment.
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Objective

Dirkmeia churashimaensis, belonging to Ustilaginales fungi, has never been reported as clinical pathogenic until very recently. In this study, we report an unusual subcutaneous infection with Dirkmeia churashimaensis and reviewed all human Ustilaginales infections. The aim is to better understand their epidemiology, infection type, risk factors, and the sensitivity to antifungal agents.



Methods

An 80-year-old female farmer developed extensive plaques and nodules on her left arm within 2 years. Pathological and microbiological examinations identified a new pathological agent, Dirkmeia churashimaensis, as the cause of this infection. The patient was successfully cured by oral itraconazole. We reviewed a total of 31 cases of Ustilaginales cases, among of which only three were skin infections.



Results

Local barrier damage (i.e., surgery, trauma, and basic dermatosis) and systemic immunodeficiency (i.e., preterm and low birthweight, Crohn’s disease, malignant cancer, and chemotherapy) are risk factors for Ustilaginales infection. The D1/D2 and ITS regions are the frequently used loci for identifying the pathogens together with phenotype. Most patients could survive due to antifungal treatment, whereas seven patients died. Amphotericin B, posaconazole, itraconazole, and voriconazole showed good activity against these reported strains, whereas fluconazole, 5-flucytosine, and echinocandins usually showed low susceptibility. Itraconazole had good efficiency for subcutaneous infections.



Conclusions

The present case study and literature review reveal that Ustilaginales can be opportunistic pathogenic normally in immunocompromised and barrier damage people. A proper identification of fungi can be crucial for clinical treatment, and more data of antifungal are needed for choice of medication against this kind of infections.
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Introduction

Ustilaginales is a large order within the smut fungi (Ustilaginomycetes) including many species forming blackish to brownish powdery spore mass in different organs of plants (Kruse et al., 2017). Most of them are typically parasitic and some species are important pathogens of plants, such as corn smut (Pseudozyma prolifica) and wheat smut (Ustilago nuda) (Kruse et al., 2017) (Morita et al., 2011). Ustilaginales were occasionally isolated from clinical context, mainly consisting of species within Pseudozyma and Moesziomyces (Telles et al., 2020), (Liu et al., 2019). The first report of human infection was reported from Japan in 2003 (Sugita et al., 2003). Since then, several species, including M. antarcticus, M. parantarctica, P. thailandica, M. aphidis, M. bullatus, P. crassa, and P. siamensis, were reported for human infections (Liu et al., 2019). Up to now, a total of 31 cases of patients with Ustilaginales invasion were reported indicating the infectious potential of these plant-pathogenic fungal species (Table 1). The species D. churashimaensis (previously Pseudozyma churashimaensis) was first isolated from leaves of sugarcane in Okinawa, Japan, and described as a new species in 2011 with its host ranging from rice, corn, and sugarcane (Morita et al., 2011). In 2015, by multiloci phylogeny analysis, Wang et al. proposed this fungus to be a new genus Dirkmeia gen. nov which only having this species up to now (Wang et al., 2015). In 2020, Anuradha et al. reported 12 cases due to an outbreak of D. churashimaensis fungemia in a Neonatal Intensive Care Unit, India, which revealed its pathogenicity in immune suppressed population (Chowdhary et al., 2020). Here, we describe a case of rare subcutaneous infection caused by D. churashimaensis. Further, we successfully cured the infection by oral itraconazole treatment.


Table 1 | Clinical information of Ustilaginales infections in human.





Materials and Methods


Case Presentation

An 80-year-old female farmer was firstly admitted to our clinic on March 7, 2017 (Dermatology Hospital of Jiangxi Province and Jiangxi Dermatology Institute, Nanchang, South China). Two years prior to her visit, an egg-sized plaque appeared on the extensor side of her left forearm with slight pain, near the wrist joint. The lesion was given no medical attention and slowly spread to the surrounding region. Papules, plaques, and nodules developed successively, with exudation and ulcers appearing on the lesion surface. There was no severe suppuration and sinus tract. Generally, the patient was in a good condition without fever, cough, or fatigue. History of trauma was not recorded, and she had no accompanying systemic diseases or special drug use. She usually works in a farm and get in contact with crops, such as rice and wheat.

No abnormality was found by biochemical and routine blood examination. CD4+ and CD8+ cell counts were within the normal ranges. The dermatological examination showed a 14 cm × 9 cm irregular infiltrated erythematous plaque on her extensor side of left forearm with distinct margin. Varisized nodes, superficial ulcers, and scales could be observed within the involved region (Figure 1A). Moderate to severe pain was reported. Neighboring lymphadenectasis was not discerned.




Figure 1 | (A) Clinical image of this patient before treatment; (B) Histopathological examination by Periodic acid–Schiff stain and Methenamine silver stain showing a type of infectious granuloma, abundant blastoconidia, and hyphae elements (yellow arrows indicated); (C) Clinical image of this patient after treatment; (D) Fungal culture showing yeast-like colonies and budding spores under microscope.



A skin biopsy was taken from the lesion, and direct examination (KOH 10%) showed fungal spores and conidia. In addition, Periodic acid–Schiff (PAS) and Gomori-Grocott methenamine silver (GM) stains showed a type of infectious granuloma and abundant blastoconidia (Figure 1B). Culture of skin biopsy on Sabouraud’s glucose agar (SGA) showed yeast like colonies (Figure 1D). Further identification of the fungus was undertaken using ITS sequences using standard primer-pair ITS1 and ITS4. For the identification, a similarity searches with the sequences of ITS regions were done using the BLAST tool against the NCBI database and against the MLST database hosted by Westerdijk Institute, Utrecht, The Netherlands. These BLAST searches revealed that the fungus matched with Dirkmeia churashimaensis with 100% similarities (MN515013 and MN515015). The ITS1/2 sequence of the fungus was deposited at GenBank with accession number MK463929.

The in vitro antifungal-drug susceptibility test, by the EUCAST. DEF.7.3.1 method, gave a minimum inhibitory concentration (MIC) for fluconazole and 5-flucytocine of 64 mg/L, for ketoconazole and amphotericin B of 0.5 mg/L, for Posaconazole and voriconazole of 2 mg/L, for itraconazole of 1 mg/L, and for terbinafine of 4 mg/L. The case was diagnosed as subcutaneous fungal granuloma by the attending physician, and oral itraconazole (Sporanox) was prescribed with a dosage of 0.2 mg twice a day. Hepatorenal function and whole blood cell analysis were monitored every 2 weeks.

The lesion was healing in the first 2 months of the treatment and dispelled constantly since then. Three months later, all ulcers were cured completely and no new lesions were seen. Consequently, the itraconazole dose was reduced to 0.2 mg per day. The lesion improved continuously and became flattened in the following months. The itraconazole doses was reduced to 0.1 mg each day at 5 months and ended after 6 months of treatment due to the complete relief (Figure 1C). The patient tolerated the itraconazole treatment, and no side-effect was reported neither by the patient nor was seen by the physicians. In the 1-year follow-up examination, the patient was free of symptoms.



Literature Review

For the literature review of clinical reports, we searched in Pubmed, with Google, and in the English language version of the Web of Science database. Pseudozyma, Moesziomyces, Dirkmeia, and Ustilaginales were used as keywords, and all reports before April 1, 2021 were included. The etiological agents were undoubtedly identified by morphology and molecular methods. The details of clinical and strain information were retrieved.




Results

A total of 15 publications including 30 cases were obtained by the search and included, together with the case of this study, in the data analysis. The clinical data were shown in Table 1. The information about the strains, including the available antifungal drug resistances data, was summarized in Table 2.


Table 2 | Strain information of Ustilaginales infections in human.



The first case of human infection with Ustilaginales species was reported by Sugita et al. in 2003, and three strains were isolated from North Thailand in the year of 2001 which were identified as M. antarcticus, P. thailandica, and M. aphidi (Sugita et al., 2003). We analyzed the 31 cases, including 30 cases from the literature and the case from this study, for the geographic distribution, temporal distribution, species identification, site of infection, clinical manifestation, treatment, and antifungal drug resistance.

Most cases of Ustilaginales infections were reported from Asian countries with 24 cases (77%), 13 from India, 6 from Thailand, 3 from China, 2 from South Korea. There were three cases from the USA and two cases from Africa, one from Argentina, and the other one from Nigeria. Only one case was reported from Europe, from Strasbourg, France. Most of the cases appeared after the year of 2010, taking a percentage of 90% of the reported cases. In the recent 6-year period, 18 cases were reported, which accounts for more than 50% of the reported cases. Fourteen newborns were reported to get infections with Ustilaginales fungi, and the oldest patient was 93 years old (Liu et al., 2019).

Of the 31 isolates, all strains were identified by both phenotype and molecular methods, whereby the sequence of the internal transcribed spacer region (ITS1/2) and D1/D2 region is routinely used for molecular biological species identification. Twenty-eight of the strains were identified to species level, whereas the other 3 were reported as Pseudozyma spp. without accession information.

Dirkmeia churashimanesis was the predominant clinical species with a percentage of 46% (13/28), and Moesimyces aphidis was the second common with 28.6% (8/28) among the identified strains. Additionally, M. antarctica two cases were reported and of the other species M. bullatus, P. alboarmeniaca, P. crassa, P. siamensis, and P. thailandica each one case.

The majority of patients had blood disseminated infections (29/31). Notedly, two of these patients had breaking through infections, with prophylactic treatment of fluconazole and echinocandins (de Carvalho Parahym et al., 2013) (Joo et al., 2016). Two patients in literature had skin infections: one had a secondary to chronic mycetoma and one had a papular eruption over the body with a concurrent blood infection (Chen et al., 2011) (Pande et al., 2017). In this study, we reported the third case of a skin disease caused by Dirkmeia churashimaensis. Parahym et al. reported a pulmonary infection of M. aphidis from a patient, with a Burkitt lymphoma, during chemotherapy (de Carvalho Parahym et al., 2013). The infection resulted from environmental inhalation. Before the infection occurred, the 17-year-old boy received broad-spectrum antibiotics and antifungal prophylaxis with fluconazole and caspofungin. The blood cultures were negative but the pleural fluid was positive in the fungal examination, and the pathogen was identified as M. aphidis. Hwang et al. reported a strain of Pseudozyma species isolated from barin abscess (Hwang et al., 2010).

The therapy process for 25 patients was described in the literature as well our study; for six cases, no clinical details were available (Sugita et al., 2003) (Mekha et al., 2014). Eighteen of the 25 patients recovered, and 7 died. Seven patients were prescribed systemic amphotericin B or voriconazole, and all of them recovered finally with good results, among of which three patients were combined with the removal contaminated catheter. Three patients with localized skin and subcutaneous infection completely were cured with oral itraconazole for 2 weeks to 6 months (Chen et al., 2011) (Pande et al., 2017). The therapy of three patients failed with fluconazole (2 cases) or caspofungin (1 case) until changing to the efficient medicines itraconazole, amphotericin B, or voriconazole (Lin et al., 2008) (Siddiqui et al., 2014) (Liu et al., 2019). Furthermore, Chowdhary reported an outbreak of 12 case infections due to D. churashimanesis in a neonatal intensive care unit in Delhi India; all patients were treated with fluconazole at a loading dose of 12 mg/kg bodyweight and then 6 mg/kg for 10–14 days; 5 patients died, a case-fatality rate of 42% (Chowdhary et al., 2020). In 2015, Orecchini et al. reported a similar fatal neonate baby as the etiological agent is M. bullatus with blood invasion (Orecchini et al., 2015).

Except for these six above deaths, Hwang et al. reported another fatal case. A 78-year-old patient got a brain abscess due to a Pseudozyma species in combination with a methicillin-resistant Staphylococcus aureus (MRSA) infection after a needle biopsy of brain astrocytoma. The fungal pathogen was identified as Pseudozyma strain CBS 10103 (Hwang et al., 2010). The other six dead cases were all preterm, low weight babies who got neonatal sepsis due to D. churashimanesis (five cases) (Chowdhary et al., 2020) and M. bullatus (one case) (Orecchini et al., 2015). These babies died despite fluconazole treatment. For 26 of the strains, antifungal drug resistances data were available (Table 2). Most strains had low MICs to itroconazole, voriconazole, and amphotericin B, whereas high MICs to fluconazole (0.5–128 mg/L), flucytosine (>64 mg/L), caspofungin (4–32 mg/L), and micafungin (>16 mg/L). However, in Chowdhary’s report (Chowdhary et al., 2020), all the 12 D. churashimanesis strains showed sensitive to azoles, including itraconazole, fluconazole, voriconazole, Posaconazole, and isavuconazole, with low MICs. Amphotericin B and 5-flucytosine also had potent activity. The resistance to echinocandins, including caspofungin, anidulafungin, and micafungin (MICs > 8 mg/L), is coincident with other strains.



Discussion

In this paper, we reported a severe subcutaneous infection caused by D. churashimaensis and performed a literature review of human disease caused by Ustilaginales fungi. By analyzing the demographic, clinical, and strain information, we got a better understanding of their geographical distribution, susceptible population, and susceptibility to routine antifungal drugs. Our patient presented an extensive granuloma on her forearm, and the pathogenic agent was identified as D. churashimaensis by morphology and molecular methods. After long-term treatment with itraconazole for 6 months with a total dose of 49.5 grams, the patient recovered completely.

The species D. churashimaensis (previously Pseudozyma churashimaensis) was first described in 2011 from the leaves of sugarcane in Japan. By multigene phylogeny analysis combined ITS and LSU rRNA gene, Wang et al. proposed it to be a new genus, Dirkmeia which belongs to an isolated branch in the Ustilaginales (Wang et al., 2015). In our case, the yeast form of this fungus was highly virulent and invaded the epidermis and dermis layers, which lead to a very extensive damage within 2 years. However, our strains presented as cream-colored yeast colony without blackish to brownish powdery spores whose synthesis perhaps was blocked by unappropriated environment in skin tissue. Chowdhary et al. reported an outbreak of 12 cases due to this fungus in NICU, in India last year (Chowdhary et al., 2020). All the patients were preterm neonates with other risk factors, including central venous catheter, persistent hypoglycemia, severe asphyxia, sepsis, and mechanical ventilation. All samples were isolated from blood and grew as yeast-like cream to pale yellow. In our case, the patient had no obvious immunocompromised status. Considering she usually works in gardens and farms, we speculate that chronic damage of the skin was due to farm work in combination with chronic exposure to the opportunist which cause the infection. Our study together with Chowdhary et al. reported the significance of the D. churashimaensis as opportunistic fungi in human hosts.

We also reviewed 31 clinical cases caused by the following fungi including D. churashimaensis and M. aphidis (synonym to P. aphidis) which were the most common agents, responsible for 75% of all strains identified to species level. In addition, some other species were also reported including M. antarcticus, P. thailandica, M. parantarctica, P. alboarmeniaca, P. crassa, P. siamensis, and M. bullatus.

Smut fungi are usually found in the environment and can be transferred to human by direct and indirect contact. Catheter-related infections were common invasive route and could lead to blood dissemination for invasive yeast infections (Pappas et al., 2015). Removals of the contaminated catheter were strongly suggested for catheter-related infections of candidemia (Pappas et al., 2015). In our review, catheter removal was explored to three cases with proper antifungal therapy and the infection vanished. In three of these patients, locally skin irritations and in one patient cutaneous rash were diagnosed and were related to the blood infection. Infections by inhalation were not common and, in this review, only one case got pulmonary invasion during chemotherapy (de Carvalho Parahym et al., 2013). Furthermore, one brain abscess occurred after traumatic examination (Hwang et al., 2010).

Generally, underlying immune deficiency was high-risk factor for invasive fungal infections. Among those with detailed clinical information, 29 of 31 patients had a local barrier damage (including pneumothorax, surgery, and basic dermatosis) or systemic immunodeficiency including preterm, low birth weight, Crohn’s disease, short gut syndrome, malignant cancer, and chemotherapy. With the rise of the immunocompromised population, the overuse of antibiotics and increase of invasive operations, clinical cases due to unusual saprophytic fungi have increased during the last few years (Skiada et al., 2017). Especially in immunocompromised patient, saprophytic fungal species take the opportunity to invade the host and as the boundary between saprophytic and pathogenic are less clear in these cases. Diagnosis of unusual fungal infections should be done regularly, and drug susceptibility test should be performed for all of this these strains.

For these strains within the genus Dirkmeia, Pseudozyma, and Moesziomyces, amphotericin B and azoles (ketoconazole, posaconazole, itraconazole and voriconazole) have a good antifungal activity. Doing antifungal susceptibility testing might help in choosing proper therapy for these kinds of infections. All Dirkmeia isolates from Chowdhary’s study showed potent activity of fluconazole (MIC 1–4 μg/ml; GM 2.37 μg/ml) and 5-flucytosine (GM MIC: 0.157 μg/ml). Although, in the other studies, the MICs of fluconazole and 5-flucytosine show high MICs, the former with a range of 2–128 mg/L and the latter higher than 32 mg/L (Chowdhary et al., 2020). Considering the high percentage of death especially from those who received fluconazole therapy and there were two breakthrough infections occurred with prophylactic use of fluconazole as fluconazole seems not efficient for these kinds of infections. Therefore, in vitro antifungal test with more clinical strains of Ustiginales is needed in future. Caspofungin, micafungin, and anidufungin had high MICs for all species and always failed as therapeutic against Ustilaginales infection. Considering that echinocandins are commonly used for treating of invasive Candida infection, the attending physician should be aware of the possibility of a Ustilaginales infections.

Itraconazole is a broad-spectrum antifungal agent commonly used for subcutaneous fungal infection and applied with an empirical dose of 0.4 mg/day. In our case, the in vitro and in vivo efficiency of itraconazole correlations and our results is in agreement with previous published guidelines of subcutaneous fungal infections (Kauffman et al., 2007). Most of cases from the literature especially with local skin infection were successfully treated with oral itraconazole. A high dose at the beginning of the therapy increases quickly the concentration in the blood and inhibits the fungal growth. When the lesion is under controlled, the dosage can be adjusted according to the clinical prognosis and adverse reactions. Our patient treated with itraconazole lasted for 6 months, and no relapse was seen in the 1 year follow up control examination.

In conclusion, we report a case of human infection due to D. churashimaensis. The patient, an 80-year-old woman, developed plaques and nodules on her left arm. Oral treatment with itraconazole was successful against the infection. An anti-fungal drug susceptibility test of D. churashimaensis and a literature review indicates that itraconazole could be the first choice for the therapy against skin/subcutaneous D. churashimaensis infections. Since some of the common anti-fungal drugs, for example; fluconazole and echinocandins, are ineffective against Dirkmeia species, we here highlight the importance of proper identification of the causative agents. Furthermore, antifungal susceptibility tests should be done regularly.
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Scedosporium spp. are the second most prevalent filamentous fungi after Aspergillus spp. recovered from cystic fibrosis (CF) patients in various regions of the world. Although invasive infection is uncommon prior to lung transplantation, fungal colonization may be a risk factor for invasive disease with attendant high mortality post-transplantation. Abundant in the environment, Scedosporium aurantiacum has emerged as an important fungal pathogen in a range of clinical settings. To investigate the population genetic structure of S. aurantiacum, a MultiLocus Sequence Typing (MLST) scheme was developed, screening 24 genetic loci for polymorphisms on a tester strain set. The six most polymorphic loci were selected to form the S. aurantiacum MLST scheme: actin (ACT), calmodulin (CAL), elongation factor-1α (EF1α), RNA polymerase subunit II (RPB2), manganese superoxide dismutase (SOD2), and β-tubulin (TUB). Among 188 global clinical, veterinary, and environmental strains, 5 to 18 variable sites per locus were revealed, resulting in 8 to 23 alleles per locus. MLST analysis observed a markedly high genetic diversity, reflected by 159 unique sequence types. Network analysis revealed a separation between Australian and non-Australian strains. Phylogenetic analysis showed two major clusters, indicating correlation with geographic origin. Linkage disequilibrium analysis revealed evidence of recombination. There was no clustering according to the source of the strains: clinical, veterinary, or environmental. The high diversity, especially amongst the Australian strains, suggests that S. aurantiacum may have originated within the Australian continent and was subsequently dispersed to other regions, as shown by the close phylogenetic relationships between some of the Australian sequence types and those found in other parts of the world. The MLST data are accessible at http://mlst.mycologylab.org. This is a joined publication of the ISHAM/ECMM working groups on “Scedosporium/Pseudallescheria Infections” and “Fungal Respiratory Infections in Cystic Fibrosis”.
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Introduction

Fungi of the genera Scedosporium and Lomentospora are increasingly encountered as causes of invasive fungal infections (Cortez et al., 2008; Heath et al., 2009; Nakamura et al., 2013; Lass-Flörl and Cuenca-Estrella, 2017; Kondo et al., 2018; Ramirez-Garcia et al., 2018; Chen et al., 2021; Mizusawa et al., 2021). Moreover, these fungi are frequently associated with airway colonization, particularly in the context of abnormal airway function in chronic respiratory disease (Cortez et al., 2008; Pihet et al., 2009; Blyth et al., 2010; Zouhair et al., 2013; Schwarz et al., 2018). Infections due to Scedosporium/Lomentospora spp. are noteworthy due to their inherent resistance to most available antifungal agents (Gilgado et al., 2006; Troke et al., 2008; Lackner et al., 2014a; Rivero-Menendez et al., 2020). Recent taxonomic reassignments within these genera and the identification of new Scedosporium species/species complex (Guarro et al., 1999; Gilgado et al., 2005; Gilgado et al., 2008; Lackner et al., 2014b; Chen et al., 2016; Chen et al., 2021) have raised the need to gain better insight into the epidemiology of clinically relevant species.

Scedosporium aurantiacum has emerged as a pathogen with a relatively high prevalence in Australia and is often associated with chronic lung disease (Delhaes et al., 2008; Heath et al., 2009). In vivo experiments in mice showed that S. aurantiacum is as virulent as Lomentospora prolificans (former Scedosporium prolificans) (Harun et al., 2010b), and more virulent than the other members of the genus (Gilgado et al., 2009; Rodriguez et al., 2010). Further, S. aurantiacum was found to be highly abundant in the Australian environment (Harun et al., 2010a), although a specific association between its occurrence in the environment and the relatively high clinical incidence has not yet been explored. Given the emerging nature and the poor clinical outcomes generally associated with Scedosporium/Lomentospora spp. infections, a better understanding of the epidemiology and transmission is necessary to ensure effective therapeutic and preventative measures. Therefore, an investigation of the population genetic structure of this pathogen is crucial to enable a correlation between the observed genotype, source of isolation (clinical and environmental), virulence, antifungal susceptibility, and clinical outcome.

Several molecular typing techniques have been applied to isolates of the genera Scedosporium and Lomentospora, to detect genetic variation over time, to discriminate between strains and to identify possible sources of infection. Among those methods are: Random Amplified Polymorphic DNA (RAPD) analysis (Zouhair et al., 2001; Defontaine et al., 2002), Multi-Locus isoEnzyme Electrophoresis (MLEE) (Zouhair et al., 2001), Amplified Fragment Length Polymorphism (AFLP) (Delhaes et al., 2008), PCR fingerprinting (Rainer et al., 2000; Delhaes et al., 2008) and MultiLocus Sequence Typing (MLST) (Bernhard et al., 2013). However, many of these studies were conducted prior to the taxonomical resolution of the Scedosporium boydii species complex, with few data, if any, describing the genetic diversity within S. aurantiacum. MLST has been successfully applied to study the genetic diversity of medically important fungi, including Candida albicans (Bougnoux et al., 2002), Candida glabrata (Dodgson et al., 2003; Lott et al., 2010), Candida tropicalis (Tavanti et al., 2005), Candida krusei (Jacobsen et al., 2007), Cryptococcus gattii (Feng et al., 2008; Meyer et al., 2009; Carriconde et al., 2011), Cryptococcus neoformans var. grubii (Litvinseva et al., 2006), Aspergillus fumigatus (Bain et al., 2007), and Fusarium solani species complex (Debourgogne et al., 2010), but has only been applied to Scedosporium apiospermum and S. boydii (formerly Pseudallescheria boydii) within the genus Scedosporium (Bernhard et al., 2013). It has a strong advantage over other typing techniques, as it provides unambiguous data, allowing for inter-laboratory data comparisons, construction of large international, internet-accessible databases (www.mlst.net or http://mlst.mycologylab.org) (Maiden et al., 1998; Odds and Jacobsen, 2008; Carriconde et al., 2011), and is only exceeded in its discriminatory power by whole genome sequencing, which is not yet feasible in most clinical mycology laboratories.

The current study describes the development of an MLST scheme specific for S. aurantiacum and its application to a global set of S. aurantiacum isolates. Partial sequences from six genetic loci, including: actin (ACT), calmodulin (CAL), elongation factor 1 alpha (EF1α), RNA polymerase II subunit (RPB2), superoxide dismutase (SOD2) and beta tubulin (TUB), were obtained from a population of 188 S. aurantiacum strains. Genetic relatedness between strains from different geographical origins, ecological contexts, and clinical associations were examined.



Material And Methods


Isolates

During the development phase, 12 S. aurantiacum strains were selected as tester strains from the Molecular Mycology Research Laboratory Culture Collection at Sydney Medical School - Westmead Hospital (as indicated by the strain numbers in bold and italics in Supplementary Table S2). These strains were selected to represent diverse geographic regions, had known clinical associations, and known genetic characteristics (identical and diverse genotypes) as established by PCR fingerprinting and AFLP analysis (Delhaes et al., 2008). In the application phase, the developed scheme was applied to a total of 188 strains that comprised 106 clinical, 1 veterinary and 81 environmental strains. Details of these strains are provided in Supplementary Table S2. Most of strains originated from Australia (n = 84), followed by France (n = 48), Austria (n = 15), Germany (n = 13), Spain (n = 5), New Zealand (n = 4), the UK (n = 3), Nepal (n = 2), Thailand (n = 2), Ireland (n = 1), and the USA (n = 1). All isolates were grown on Sabouraud dextrose agar (Oxoid, Hampshire, UK) and incubated at 30°C for 5 to 7 days before DNA extraction.



DNA Extraction

Extraction of genomic DNA was performed according to a previously published protocol (Ferrer et al., 2001), with minor modification. The mycelia from 5-day-old cultures were harvested and placed in 1.5 ml tubes. After washing in deionized water, mycelia were frozen in liquid nitrogen. Using a sterile miniature pestle, frozen mycelia were finely ground to disrupt the fungal cell walls; 500 µl of SDS lysis buffer and 5 µl of 2-mercaptoethanol were then added and the mixture was mixed vigorously by vortexing. After incubation at 65°C for 1 hour, with 2-3 times vortexing in between, 500 µl of phenol:chloroform:isoamyl alcohol (25:24:1) (Sigma, St. Louis, USA) were added. The tubes were flipped for 2 minutes to ensure thorough mixing, followed by centrifugation at 14,000 rpm for 15 minutes. DNA from the aqueous phase was transferred to a fresh 1.5 ml tube. An equal amount of isopropanol (Merck, Kilsyth, Australia) was then added to precipitate the DNA. The tubes were then incubated at - 20°C for a minimum of 1 hour but usually overnight to increase DNA yield. The precipitated DNA was pelleted by centrifugation at 14,000 rpm for 15 minutes. After washing with 500 µl 70% ethanol (Merck) and centrifugation, the DNA pellet was dried at room temperature and reconstituted in 100 µl of sterile distilled water. DNA concentration was determined spectrophotometrically.



Selection of Candidate Loci

In the preliminary development stage, 24 gene loci, namely AAT, ACT, ANXC4, ATP6, BGT, BT2, EF1a, CAL, CAT, CHS, D1D2, FKS, LIP, GLN, IGS, MDH1, mtSSU, MP1, RPB1, RPB2, SOD2, TUB, VPS13 and ZRF, were amplified from the 12 tester strains (see above) to identify the most polymorphic loci. These loci had been previously utilized in either phylogenetic and/or genotyping studies of other Scedosporium species and/or other fungi, such as Candida, Aspergillus and Penicillium species (O’Donnell et al., 1998; Liu et al., 1999; Bougnoux et al., 2002; Cruse et al., 2002; Dodgson et al., 2003; Gilgado et al., 2005; Bain et al., 2007; Hoffman et al., 2007). For each genetic locus, the 12 sequences obtained from the tester strains were aligned using BioEdit™ Sequence Alignment Editor (Tom Hall, Carlsbad, USA) to determine the sequence variation. The genetic loci, which demonstrated a high polymorphism and yielded the largest number of sequence types in combination, were selected to form the new S. aurantiacum MLST scheme.



Primer Design

Twenty-four loci were selected for initial screening of genetic polymorphisms (see above). For the PCR amplification of these loci, primers were used as previously published except for SOD2 for which primers were specifically designed in the current study (O’Donnell et al., 1998; Liu et al., 1999; Bougnoux et al., 2002; Cruse et al., 2002; Dodgson et al., 2003; Gilgado et al., 2005; Bain et al., 2007; Hoffman et al., 2007) (Supplementary Table S1). Partial or full SOD2 gene sequences were obtained from the GenBank database (http://www.ncbi.nlm.nih.gov). Sequences from as many fungal genera as possible for SOD2 were downloaded and then aligned using the program BioEdit™ Sequence Alignment Editor. Initial primers for SOD2 were designed based on the aligned sequences. Following the initial amplification and selection of the six most polymorphic loci, S. aurantiacum specific primers were subsequently designed for those loci (Table 1) based on the obtained sequences and on the nucleotide sequence of these loci identified via BLAST searches in the draft genome of S. aurantiacum strain WM 09.24 (available in the DDBJ/EMBL/GenBank under the accession number JUDQ00000000) (Pérez-Bercoff et al., 2015).


Table 1 | Selected gene loci, primer sequences and annealing temperatures used in the consensus MLST scheme for Scedosporium aurantiacum strain typing.





Amplification and DNA Sequencing

PCR amplifications were performed in a total volume of 50 µl. Generally, each reaction mixture contained: 1x PCR buffer (20 mM Tris-HCl, 50 mM KCl), 1.5-2.5 mM MgCl2, 100-200 µM of each deoxyribonucleotide triphosphate (dATP, dCTP, dGTP, dTTP) (Invitrogen, Carlsbad, USA), 0.2-0.4 mM each of forward and reverse primer, and 1.25 U of DNA polymerase (Bioline™, London, UK). 20-60 ng of template DNA was added to the reaction mixture. Sterile distilled water in place of DNA was used as a negative control. The primer sequences used in the development phase are listed in Supplementary Table S1 and for the final consensus MLST scheme in Table 1. Initial PCR amplifications were performed in a thermal cycler (Perkin Elmer Cetus, Norwalk, USA) under the following conditions: an initial denaturation at 94°C for 5-10 minutes, followed by 35 cycles of 94°C for 45 seconds at a temperature ranging from 50-60°C for annealing depending on the amplified genetic loci (see Supplementary Table S1), followed by an extension step 1 min at 72°C and a denaturation step of 45 seconds at 94°C, with a final extension step at 72°C for 10 min. Optimized annealing temperatures for the primer sets used in the final MLST scheme are as listed in Table 1. PCR products were separated on 1.4% agarose gels in Tris-borate-EDTA (TBE) buffer, stained with ethidium bromide (Sigma) and visualized by UV transillumination. The products were purified using PureLink™ PCR Purification Kit (Invitrogen) following the manufacturers protocol and the concentration of purified DNA was measured spectrophotometrically. DNA sequencing was performed by Macrogen Inc., Seoul, Korea (http://www.macrogen.co.kr/eng/sequencing), and the Australian Genome Research Facility (AGRF) Pty. Ltd., St. Lucia, Queensland, Australia (http://www.agrf.org.au). The quality of nucleotide sequences was verified by aligning both forward and reverse strands using the software Sequencher™ 5.4 (Gene Codes Corp., Ann Arbor, USA).



Sequence Data Analysis

During the development phase, the consensus sequences of the 12 selected strains were aligned for each genetic locus. The genetic loci that were most polymorphic were selected for inclusion in the final S. aurantiacum MLST scheme. In the application phase, all obtained sequences from the 188 strains were aligned and analyzed. Sequence alignments were performed using BioEdit™ Sequence Alignment Editor. For each locus, numbers were assigned to designate unique allelic variants, with a single bp difference resulting in a new allele type. These numbers were subsequently combined to yield unique sequence types (see Supplementary Table S2). A S. aurantiacum MLST database using the BioloMICS software version 21.07.9.324 (BioAware, Hannut, Belgium) was constructed for the six loci at the Molecular Mycology Research Laboratory and can be accessed at http://mlst.mycologylab.org. GenBank accession numbers for all MLST sequences generated in this study are listed in Supplementary Table S3. All allele and sequence types can be accessed via the specific MLST S. aurantiacum website at http://mlst.mycologylab.org. Phylogenetic trees were constructed using the software MEGA version 11 (The Biodesign Institute, Tempe, USA) (Tamura et al., 2021). To further investigate the geographical relationship between genotypes, a goeBURST minimum spanning tree was generated from the aligned concatenated sequences of the strains studied using the PHYLOViZ 2.0 analysis software (http://www.phyloviz.net/).



Test for Selective Pressure, Variability, and Neutrality

Assessment of the likelihood of selective pressure at each locus was estimated by the ratio of non-synonymous to synonymous nucleotide substitutions (dN/dS) (Nei and Gojobori, 1986). To test for purifying selection the codon-based Z-test using evolutionary pathway by Nei and Gojobori was performed (Nei and Gojobori, 1986) using MEGA version 11 (Tamura et al., 2021). To evaluate the variability of the selected loci, the haplotype diversity (Hd), nucleotide diversity (π) and the average number of nucleotide differences (k) were determined using the software DNA Sequence Polymorphism DnaSP version 6.12.03 (Rozas et al., 2017). Testing for neutrality utilizing the Tajima’s D test (equal to zero at neutral equilibrium) (Tajima, 1989) was performed in MEGA version 11 (Tamura et al., 2021).



Test for Recombination and Linkage Disequilibrium

Intragenic linkage disequilibrium (LD), and intragenic recombination rates were calculated by using DNA Sequence Polymorphism DnaSP version 6.12.03 (Rozas et al., 2017). Evidence of recombination was shown using the 4-gamete test to infer the minimum number of recombination events (Rm).



Associations of Clinical Variables With Sequence Type or Clusters

Patients’ demographic and clinical data were recorded. Associations between genotypes and clinical variables were explored. The variables examined included age, sex, and geographical origin, source of isolates, infection status and predisposing factors (Supplementary Table S2). We investigated potential associations between sequence type and the variables using Pearson Chi Square test. Statistical analysis was performed using PASW Statistics 18 (SPSS Inc., Chicago, IL, USA) and STATA 15 (StataCorp LP, College Station, USA). P-values of <0.05 were considered statistically significant.



Virulence Study

Virulence studies based upon in vivo survival in a murine model (Harun et al., 2010b) were performed. Eighteen strains listed in Supplementary Table S2 (indicated by underlined strain numbers) and in Figure 4 were selected to represent a wide global spectrum. Five seven-week-old female Balb/C mice were used, in which 0.2 ml of a conidial suspension (106 conidia/ml) was inoculated intravenously via the lateral tail vein. The mice were monitored daily till 30 days post-inoculation for signs of infection, including ruffling of fur, inactivity, loss of weight, difficulty in breathing, and neurological signs such as ataxia. In accordance with the protocol approved by Western Sydney Local Health District Animal Ethics Committee (WSLHD AEC), mice that were deteriorating prior to that end point were sacrificed. Mean survival time (MST), estimated by Kaplan-Meier method, was used as a parameter to compare the relative pathogenicity among the selected strains. Comparison between each group was performed by the log-rank test as part of the software package PASW Statistics 18. Graphs were plotted using GraphPad Prism version 5.0b (GraphPad Software Inc., San Diego, USA). P-values of < 0.05 was considered as statistically significant.




Results


Selection of Genes for the S. aurantiacum MLST Scheme

DNA sequences of 24 genetic loci (AAT, ACT, ANXC4, ATP6, BGT, BT2, EF1a, CAL, CAT, CHS, D1D2, FKS, LIP, GLN, IGS, MDH1, mtSSU, MP1, RPB1, RPB2, SOD2, TUB, VPS13, and ZRF,) (Supplementary Table S1) were screened to assess their polymorphisms and hence suitability as candidate genetic loci for the S. aurantiacum MLST scheme. Following analysis of the DNA sequences obtained from 12 tester strains, the following six loci, actin (ACT), calmodulin (CAL), elongation factor 1-alpha (EF1a), RNA polymerase II subunit (RPB2), manganese superoxide dismutase (SOD2) and beta tubulin (TUB), were found to be the most variable, and were therefore selected to form the S. aurantiacum MLST scheme (http://mlst.mycologylab.org) (Table 1), and to identify the allele and sequence types of S. aurantiacum strains.



Sequence Variability

The sizes of the six MLST gene fragments obtained including all gaps were: 830 bp for the ACT locus, 689 bp for the CAL locus, 715 bp for the EF1α locus, 952 bp for the RPB2 locus, 437 bp for the SOD2 locus and 401 bp for the TUB locus (Table 2). Seventy-seven (1.89%) polymorphic sites were identified across all six genes combined, which represents a total of 4,024 bp. The number of variable nucleotide sites per locus ranged between 5 (0.73%, CAL) and 18 (4.12%, SOD2). The variability among loci is shown in Table 2.


Table 2 | Neutrality and genetic variability tests performed on each MLST locus.





Test for Selective Pressure, Variability, and Neutrality

The ratio of non-synonymous to synonymous nucleotide substitutions (dN/dS) was < 1 for five of the six MLST loci studied (Table 2). In all loci, the probability (p value was > 0.05 and therefore the null hypothesis of strict neutrality (dN=dS) was not rejected. All but one locus showed an dN-dS of negative value (dN<dS, dN/dS ratio of <1), thus indicating that with exception to SOD2 none of the studied loci were under positive selective pressure (Table 2). The nucleotide diversity (π) ranged from 0.00196 for CAL to 0.01335 for SOD2, the haplotype diversity (Hd) ranged from 0.582 for TUB to 0.864 for RPB2, and the average number of nucleotide differences (k) ranged from 1.35305 for CAL to 5.78177 for SOD2, indicating an equal range for all loci, except for SOD2 (Table 2). In the neutrality test, none of the Tajima’s D values obtained for the studied loci deviated significantly from zero, except for SOD2, suggesting the occurrence of balancing selection (Tajima, 1989) (Table 2).



Recombination and Linkage Disequilibrium

The intragenic recombination test identified 1-4 recombination events (Rm) at the ACT, EF1a, RPB2, SOD2, and TUB loci, but no recombination at the CAL locus (Table 3). Based on the concatenated multilocus sequence data, the interlocus LD was assessed over all segregating sites using pairwise comparisons. The LD (|D′| Y = 0.8257–0.0970X) was detected with a negative slope, indicating a decrease in linkage with increased nucleotide distance. Of the 2556 pairwise comparisons, 798 were significant by the Fisher exact test, and 229 were significant after Bonferroni correction (Table 3).


Table 3 | Pairwise interlocus linkage disequilibrium and recombination analysis of concatenated multilocus sequences from 188 Scedosporium aurantiacum strains.





Alleles and Sequence Type Distributions

The sequence alignments showed polymorphisms in all six loci denoting the presence of different alleles (Table 2). Each specific sequence was considered a unique allele type, which was then assigned a unique allele type number. For example, 22 alleles were defined for the ACT locus, which were assigned as allele types AT1 to AT22, accordingly. The CAL locus showed 8 alleles, the EF1α locus 23 alleles, the RPB2 locus 15 alleles, the SOD2 locus 18 alleles and the TUB locus 12 alleles (Table 2). A total of 159 sequence types were obtained by combining the allele types of the six MLST loci studied (Supplementary Table S2). Most of the strains exhibited unique sequence types (Supplementary Table S2 and Figures 2, 3). Only a few strains shared the same sequence type, but most of them originated from the same patient or from closely linked soil samples. For example, strains IHEM 23081 and IHEM 23092, which both exhibited the sequence type ST140, were recovered from respiratory secretions of the same patient at a one-year interval; likewise, six strains shared the sequence type ST108, i.e. 110349103-01/1, 110349103-01/2 and 110349103-01/3, as well as 110349211-01/1, 110349103-01/2 and 110349103/3, but they were recovered from two soil samples collected at the same location on the banks of the Loire river, in France. On the contrary, strains IHEM 23080 and IHEM 23081, which were recovered from the same clinical sample, exhibited distinct sequence types (ST 139 and ST140, respectively).



Distribution of Sequence Types According to Geographical Origin

Figure 1 shows the distribution of sequence types according to the geographical origin. 69 of the 159 (43%) sequence types were only found in Australia, but none of them were predominant. Most of the Australian strains were obtained from New South Wales (NSW), suggesting a possible study bias. Among the 61 studied strains from NSW, 49 different sequence types were identified, most being specifically identified from this state since only two of these sequence types were also found outside NSW (ST12 and ST15, which were also found in Western Australia (WA)). Twenty strains collected in WA were studied, which revealed 19 sequence types, 17 of them being specifically identified from WA. ST26 and ST27 were found only in South Australia (SA), and ST28 was found only in Queensland (QLD) (Figure 1 and Supplementary Table S2). The sequence types ST39, ST40, ST41 and ST42 were found exclusively in New Zealand.




Figure 1 | Geographic distribution of Scedoporium aurantiacum isolates. Distribution of studied Scedosporium aurantiacum isolates and their identified sequence types within Australia, New Zealand, Asia, Europe, and United States. ST's in bold and italics are the only ST shared between two countries.



Ninety-five strains collected in Europe were analyzed in this study. MLST analysis of these strains revealed a total number of 81 sequence types. Almost all of them were country specific, with the highest number of sequence types (39 STs) being found in France (Figure 1 and Supplementary Table S2). A unique sequence type was identified from two distinct countries, i.e. the sequence type ST82, which was isolated from both Germany and Austria, with no obvious connection of the patients to each other.

Other sequence types obtained in this study include ST55, which was unique to the United States, ST99 and ST100, which were specific to Thailand, and ST105 and ST106, which were found in Nepal (Figure 1 and Supplementary Table S2).



Phylogenetic Relationships Among S. aurantiacum Strains

Parsimonious trees were constructed for each MLST locus (Supplementary Figures S1–S6). These analyses resulted in different tree topologies, indicating variable rates of gene evolution for each genetic locus (Supplementary Figures S1–S6).

Maximum parsimony analysis of the combined gene sequences obtained from the six loci studied revealed a high genetic diversity amongst the 188 S. aurantiacum strains investigated (Figure 2), with most strains forming unique sequence types, which resulted in the widespread topology of the combined tree (Figure 2 and Supplementary Table S2). Sequence types of the strains from different Australian states demonstrated no tendency to group with each other. When comparing the two major clusters (Figure 2), there was a significant difference according to the geographic origin of the strains (p < 0.0005). Most Australian strains belonged to cluster 2, while almost all European strains, except one German strain RKI94-0197, were grouped together in cluster 1 (Figure 2). The four isolates from New Zealand grouped either basal to cluster 1, which may be called ‘global cluster’ (WM 07.96, WM 07.97) or to cluster 2, the ‘Australian cluster’ (WM 07.101, WM 07.108) (Figure 2). In between the two major clusters the central basal group contains strains from Australia, Austria, France, Germany, Ireland, Netherlands, Spain, and the United Kingdom.




Figure 2 | MLST maximum parsimony tree. Combined maximum parsimony tree for the six MLST loci (ACT, CAL, EF1α, RPB2, SOD2 and TUB) generated from all obtained Scedosporium aurantiacum sequences using the program MEGA version 11. Environmental isolates (green), clinical invasive isolates (red), clinical colonizing isolates (blue), clinical isolates without information (grey), and veterinary isolates (brown). AT, Austria; AU, Australia; DE, Germany; ES, Spain; FR, France; UK, United Kingdom; IE, Ireland; NL, The Netherlands; NP, Nepal; NZ, New Zealand; TH, Thailand; and US, USA.



The goeBURST analysis of the obtained MLST data confirmed the high genetic diversity seen in the Australian S. aurantiacum population, as well as in the non-Australian population (Figure 3). Most of the Australian strains grouped separate to the European strains, forming a closely connected gene network. However, a subset of Australian strains was intermixed with and are closely related to the global strains, indicating certain genetic links between Australian and non-Australian strains (Figure 3). The results of the goeBURST analysis (Figure 3) confirmed the genetic relationships identified in the phylogenetic analysis of the combined genes as reflected in the concatenated gene tree (Figures 2, 3).




Figure 3 | goeBURST minimum spanning tree for all 159 sequence types obtained from the combination of all allele types of the six MLST loci (ACT, CAL, EF1α, RPB2, SOD2 and TUB) using the PHYLOViZ 2.0 analysis software, indicating the genetic relationships between all Australian and non-Australian S. aurantiacum isolates studied.



Both clinical and environmental strains were widely distributed throughout the tree showing no sequence types to be indicative of a human clinical, veterinary, or environmental origin. Similar findings were found for the distribution of strains recovered from patients with either “invasive” disease or “colonization” (hereafter referred to as “invasive” or “colonizing” strains) (Figure 2).



Association Between Genotype and Clinical Variables

Overall, the statistical analyses (PASW Statistics and STATA II) performed showed no significant associations between the different sequence types, which occurred largely as singletons, and clinical variables. In addition, there were no significant associations between a particular cluster and patient age (p = 0.078), sex (p = 0.076) or infection site (p > 0.05). Most analyzed strains were recovered from respiratory secretions from patients with chronic lung disease, such as cystic fibrosis; these strains that colonized the airways, were distributed throughout both clusters. There was only a single sequence type which was shared between colonizing and invasive strains, ST15, with WM 06.476 and WM 07.555 being colonizing strains, and WM 07.452 being an invasive strain.

When the two major clusters were compared with the patients predisposing factors (e.g., chronic lung disease, malignancy, diabetes, corticosteroid administration, chemotherapy, trauma, and drowning), there was no association between predisposing factors and any particular cluster (p > 0.05). An exception was a correlation of certain clusters and chronic lung disease, which was noted to show a significant difference (p = 0.005). In the “global cluster” there was a group of colonizing strains including WM 08.2114 and WM 08.215 (both ST53), WM 06.571 (ST37), 10-03-12 (ST149) and 10.03.10.92 (ST154), whereas the “Australian cluster” comprised another group of colonizing strains composed of WM 06.481, WM 08.209, and WM 06.480 (all ST17), WM 06.546, WM 08.210, and WM 08.211 (all ST52), WM 06.492 (ST21) and WM 06.479 (ST16) (Figure 2).



Association Between Genotypes and Virulence in a Mouse Model

The results of the survival analysis in mice, expressed as percent survival, for 18 S. aurantiacum strains are shown in Figure 4. All infected mice showed evidence of active infection (ruffling of fur, severe weight loss and neurological abnormalities, such as ataxia), as early as day 3 post-inoculation (Figure 4). An overall comparison between survival curves showed a significant difference (p = 0.007), with WM 06.482 being the most virulent strains followed by WM 09.24 and WM 08.52, and strains WM 08.269 and WM 08.202 being the least virulent strains. Of note, pairwise comparisons among all tested strains showed variable results. Pairwise comparison between invasive and colonizing strains, and between clinical and environmental strains revealed no significant difference.




Figure 4 | Animal virulence study. Survival plots of mice infected with selected Scedosporium aurantiacum strains. Environmental strains: WM 09.13 WM 09.19, WM 09.22, WM 09.24, and WM 09.28; Invasive clinical strains: WM 06.482, WM 06.538, WM 07.101, WM 08.202; Colonizing clinical strains: WM 06.385, WM 06.390, WM 06.484, WM 06.555, WM 06.565, WM 07.159, WM 08.52; and clinical strains without information on infection status: WM 08.269, WM 09.102.






Discussion

MLST analysis, which allows for the accurate identification of discrete alleles for each analyzed locus, is a highly discriminatory tool for determining genetic variability between microbial strains (Bougnoux et al., 2002; Dodgson et al., 2003; Tavanti et al., 2005; Litvinseva et al., 2006; Bain et al., 2007; Jacobsen et al., 2007; Feng et al., 2008; Meyer et al., 2009; Debourgogne et al., 2010; Carriconde et al., 2011; Bernhard et al., 2013). The developed MLST scheme mirrors many MLST schemes for bacteria and fungi, which employed similar numbers of genetic loci (Maiden et al., 1998; Bougnoux et al., 2002; Dodgson et al., 2003; Tavanti et al., 2005; Litvinseva et al., 2006; Bain et al., 2007; Jacobsen et al., 2007; Feng et al., 2008; Odds and Jacobsen, 2008; Meyer et al., 2009; Debourgogne et al., 2010; Carriconde et al., 2011). In the present study, we applied a six-locus MLST approach to differentiate between S. aurantiacum strains with a high discrimination rate and for the first time to delineate the genetic variation amongst Australian S. aurantiacum strains in the context of a global strain population. Contrary to previous studies (Maiden et al., 1998; Odds and Jacobsen, 2008), the use of additional loci did not improve the resolution.

The herein newly developed MLST scheme, using six unrelated housekeeping genes (ACT, CAL, EF1a, RPB2, SOD2 and TUB), was applied to investigate the population genetic structure of 188 environmental, clinical, and veterinary S. aurantiacum strains, mainly originating from Australia and Europe, together with a small number of North American, New Zealand and Asian strains. The MLST analysis revealed between 5-18 variable sites and 8-23 defined alleles per locus studied. Statistical analysis of the obtained dataset showed that the selected loci are suitable for a discriminatory S. aurantiacum MLST scheme (Tables 2, 3). The ratio of non-synonymous to synonymous substitutions (dN/dS) was shown to be < 1 for five of the six loci, i.e. ACT, CAL, EF1α, RPB2, and TUB, indicating that these loci are not evolving under positive selection pressure (Table 2). Whilst a dN/dS value of > 1 was calculated for the SOD2 locus, suggesting a positive selection pressure (Table 2), but the high number of polymorphic sites still warrants its inclusion in the new MLST scheme. The Tajima’s neutrality test demonstrated that five of the six genetic loci are not undergoing positive selection, except SOD2, suggesting that it is maybe going through balancing selection. The purpose of this test is to distinguish between a DNA sequence evolving randomly (“neutrally”) and a sequence evolving under non-random processes, including directional selection, or balancing selection, demographic expansion or contraction, genetic hitchhiking, or introgression. Randomly evolving DNA sequences contain mutations with no effect on the fitness and survival of an organism. The randomly evolving mutations are called “neutral”, while mutations under selection are “non-neutral” (Perez-Losada et al., 2006). Indeed, the obtained statistical result is an important finding since genes that are under selective pressure or diversifying selection, may exhibit highly polymorphic nucleotides and hence genetic variability that may possibly result in a false inference of the population structure of the organism studied. However, the nucleotide diversity (π) and the haplotype diversity (Hd) obtained for SOD2, as well as the obtained number of haplotypes, do still lay within the range of the other loci, warranting the inclusion of this locus in the new MLST scheme. The statistical values obtained for the five other MLST loci and the combined analysis of the concatenated sequences of all six loci, confirmed that the polymorphism identified for each of the loci included in the S. aurantiacum MLST scheme, resulting in a very high genetic diversity among the investigated strains, is not attributable to inappropriately selected MLST loci. The minimum number of recombination events and LD decay support evidence of genetic recombination, rather than clonal reproduction amongst the investigated strains. This is further supported by the nucleotide diversity (π), the relative high haplotype diversity (Hd), and the average number of nucleotide differences (k), showing that all loci contribute to the detection of the large number of polymorphic sites, 77 amongst the concatenated sequences of all six loci, manifested in the high genetic diversity of the studied S. aurantiacum population (Table 2). This is further supported by the derivation of 149 unique sequence types amongst 159 of the 188 strains. A similar method has been applied to evaluate recombination and linkage disequilibrium in other multilocus studies (Brown et al., 2004; Uraiwan et al., 2007).

In general, individual sequence analysis of each locus revealed a relatively low number of different allele types, and individual analysis of the selected loci resulted in contradicting gene topologies (Supplementary Figures S1–S6). This is not uncommon, as each of the genes evolves at different evolutionary rates (Rokas et al., 2003a; Rokas et al., 2003b; Planet, 2005). Datasets composed of multiple genes may have different histories and incongruence can be explained by genuine differences in the evolutionary process (Planet, 2005). As observed in the current study, the genetic variability may differ from one locus to another, with some loci demonstrating a higher polymorphism than others. Data presented show clearly, that the allele types for most of the genetic loci differ according to their geographic origin. Most allele types seen in Europe were rarely seen in Australia (Supplementary Table S2).

The combination of all six MLST loci resulted in a high discriminatory power, and consequently nearly all isolates investigated showed an individual sequence type. The phylogenetic analysis of the obtained sequences showed a very high genetic diversity in the Australian and non-Australian S. aurantiacum populations (Figures 2, 3), with a total of 159 sequence types being derived from 188 strains studied (Supplementary Table S2). Further, strains originating from the same country likewise demonstrated substantial genetic variability (Figures 1–3 and Supplementary Table S2). Possible explanations for this observation are, that the S. aurantiacum population is still undergoing active recombination as indicated by the incongruent topologies of the obtained individual gene trees (Supplementary Figures S1–S6), along with recombination tests and linkage disequilibrium analysis. Similar evidence has been shown in other genotyping studies, e.g., in C. glabrata (Dodgson et al., 2005; Lott et al., 2010), C. neoformans var. grubii (Litvinseva et al., 2006) and C. gattii (Carriconde et al., 2011), in which recombination and/or clonal expansion were demonstrated.

The clustering of the Australian versus the European strains/sequence types obtained from the available strains, the higher genetic diversity among the 84 Australian strains compared to the 95 European strains (Table 4), and the mix of some of the Australian strains within the “global cluster” suggest that the species S. aurantiacum maybe originated within the Australian continent and was subsequently dispersed to other parts of the world, as also indicated by the close genetic relationships between some of the Australian sequence types and those from other parts of the world revealed in the goeBURST analysis, while non-Australian sequence types are not interspaced within the main Australian sequence types clusters, except for the single German sequence type 94 (strain RKI95-0197) (Figure 3). However, to definitely identify the origin of this species, additional studies further expanding the number of S. aurantiacum strains from Africa, America and Asia are warranted.


Table 4 | Comparison of neutrality and genetic variability of concatenated MLST sequences from Australia and Europe.



A key finding of this study is that clinical isolates were not genetically separated from the environmental isolates, whereby clinical isolates were present in all branches of the two major clusters, with some branches containing both clinical and environmental isolates. This infers that isolates from both sources are closely related, indicating that the environment may be the most likely source of colonization and subsequent infection. Scedosporium species have been reported globally (Rougeron et al., 2018), with S. aurantiacum being mainly reported from the environment in Australia (Harun et al., 2010a), Austria (Kaltseis et al., 2009), France (Rougeron et al., 2015), Morocco (Mouhajir et al., 2020) and Thailand (Luplertlop et al., 2016). However, the current analysis did not reveal any sequence type shared by environmental and clinical strains. Hence, it cannot be postulated that either infection or colonization is directly associated with a certain genotype of S. aurantiacum present in the environment.

Similarly, the current study did not show any clustering of either colonizing or invasive strains. However, some association was noted with some branches in the two main clusters harboring either mainly invasive strains or containing mainly colonizing strains. There were no genotypes which were identical or closely related between colonizing and invasive strains, except ST15 (colonizing strains WM 06.476, WM 07.555, and invasive strain WM 07.452). However, they are not directly related, as they have been isolated in 2004, 2005 and 2007, respectively (Figure 2 and Supplementary Table S2). Both groups of strains can co-exist and have an equal possibility of colonizing the human host and subsequently causing invasive infection. Similar findings were made when the ability to degrade key elements of the complement cascade in the cerebrospinal fluid was investigated in correlation with the phylogenetic background, finding no phylogenetic grouping with the ability of a strain to degrade either the complement factors C3 or C1 (Rainer et al., 2011). Further studies are needed, on a wider range of clinical isolates systematically collected as part of a longitudinal clinical study to characterize the relatedness of colonizing and invasive isolates during progression to disease.

The lack of association between MLST genotype and infection sites in this study has also been noted in MLST studies of bacterial pathogens, such as Streptococcus agalactiae (Van der Mee-Marquet et al., 2008) and Acinetobacter baumannii (Sahl et al., 2011). In C. albicans, multi-locus sequence types were not associated with mating type, anatomical origin, or antifungal resistance (Chen et al., 2006). Apart from chronic lung disease, no significant association was seen for the other predisposing factors within specific branches of the two major clusters or with individual sequence types. However, interpretation of this study might be affected by missing data that resulted in a small sample analysis for both PASW Statistics and STATA II.

This study also attempted to find an association between different genotypes and virulence using a murine model. The major difference between the survival curves was obtained for the two clinical strains WM 08.202 and WM 08.269, for which end point survival rates were 20% and 40%, respectively. The other strains tested caused 100% mortality, with the clinical strain WM 06.482 inducing the highest mortality rate, followed by the environmental strain WM 09.24 and clinical strain WM 08.52, showing that highly virulent strains can circulate in the environment representing a potential risk of infections to humans. The lack of differences among the remaining strains suggests that most tested genotypes, regardless of their origin and clinical status, have a comparable degree of pathogenicity, and that genotype is not indicative of the virulence of a fungal strain as it has been shown for the molecular type VGII of the human pathogenic fungus Cryptococcus gattii (Ngamskulrungroj et al., 2011).



Conclusions

The MLST typing scheme for S. aurantiacum developed as part of this study, is the first of its kind for S. aurantiacum. When applied to Australian and non-Australian strains it showed that this species is highly polymorphic. This MLST scheme offers a robust, reliable, and highly discriminatory molecular typing tool for S. aurantiacum. Together with the established database at http://mlst.mycology.org, it will enable data sharing and foster even greater international collaboration to enable an improved understanding of the S. aurantiacum population structure and to define the ultimate origin of the species. This will form the basis for further studies investigating the associations between genotypes and virulence or antifungal resistance, to facilitate more effective and tailored prevention and management strategies for patients at risk for infections by this emerging pathogen.
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Supplementary Figure 1 | ACT locus tree. Most parsimonious tree for the ACT locus for the 188 investigated Scedosporium aurantiacum isolates obtained with the program MEGA version 11 (numbers on the branches indicate bootstraps values above 50).

Supplementary Figure 2 | CAL locus tree. Most parsimonious tree for the CAL locus for the 188 investigated Scedosporium aurantiacum isolates obtained with the program MEGA version 11 (numbers on the branches indicate bootstraps values above 50).

Supplementary Figure 3 | EF1α locus tree. Most parsimonious tree for the EF1α locus for the 188 investigated Scedosporium aurantiacum isolates obtained with the program MEGA version 11 (numbers on the branches indicate bootstraps values above 50).

Supplementary Figure 4 | RPB2 locus tree. Most parsimonious tree for the RPB2 locus for the 188 investigated Scedosporium aurantiacum isolates obtained with the program MEGA version 11 (numbers on the branches indicate bootstraps values above 50).

Supplementary Figure 5 | SOD2 locus tree. Most parsimonious tree for the SOD2 locus for the 188 investigated Scedosporium aurantiacum isolates obtained with the program MEGA version 11 (numbers on the branches indicate bootstraps values above 50).

Supplementary Figure 6 | TUB locus tree. Most parsimonious tree for the TUB locus for the 188 investigated Scedosporium aurantiacum isolates obtained with the program MEGA version 11 (numbers on the branches indicate bootstraps values above 50).

Supplementary Table 1 | List of primers used in the MLST scheme development.

Supplementary Table 2 | List of the studied Scedosporium aurantiacum strains, including strain number, strain information, origin, source of isolation, clinical data, MLST allele types (AT) of the six loci studied, sequence type (ST), and supplier.

Supplementary Table 3 | GenBank accession numbers for all six genetic loci included in the S. aurantiacum MLST scheme for all investigated strains.
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The Prototheca alga is the only chlorophyte known to be involved in a series of clinically relevant opportunistic infections in humans and animals, namely, protothecosis. Most pathogenic cases in humans are caused by Prototheca wickerhamii. In order to investigate the evolution of Prototheca and the genetic basis for its pathogenicity, the genomes of two P. wickerhamii strains S1 and S931 were sequenced using Nanopore long-read and Illumina short-read technologies. The mitochondrial, plastid, and nuclear genomes were assembled and annotated including a transcriptomic data set. The assembled nuclear genome size was 17.57 Mb with 19 contigs and 17.45 Mb with 26 contigs for strains S1 and S931, respectively. The number of predicted protein-coding genes was approximately 5,700, and more than 96% of the genes could be annotated with a gene function. A total of 2,798 gene families were shared between the five currently available Prototheca genomes. According to the phylogenetic analysis, the genus of Prototheca was classified in the same clade with A. protothecoides and diverged from Chlorella ~500 million years ago (Mya). A total of 134 expanded genes were enriched in several pathways, mostly in metabolic pathways, followed by biosynthesis of secondary metabolites and RNA transport. Comparative analysis demonstrated more than 96% consistency between the two herein sequenced strains. At present, due to the lack of sufficient understanding of the Prototheca biology and pathogenicity, the diagnosis rate of protothecosis is much lower than the actual infection rate. This study provides an in-depth insight into the genome sequences of two strains of P. wickerhamii isolated from the clinic to contribute to the basic understanding of this alga and explore future prevention and treatment strategies.
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Introduction

The genus Prototheca belongs to the predominantly photosynthetic family of the green algae Chlorellaceae but has forfeited the photosynthetic ability (Severgnini et al., 2018; Bakula et al., 2020). All Prototheca species possessing colorless plastids evolved from photosynthetic algae that had lost genes related to photosynthesis, yet they retained vestigial plastids (Suzuki et al., 2018). Prototheca can cause pathogenic disease in humans and animals with Prototheca wickerhamii and Prototheca zopfii being the two most common pathogenic species (Kwiecinski, 2015). P. wickerhamii has been reported to be the more common human–pathogenic species compared to P. zopfii, which infects cattle and dogs (Leimann et al., 2004; Todd et al., 2018). Clinically, P. wickerhamii causes protothecosis, usually infects skin and subcutaneous tissue, and can affect both immunocompetent and immunocompromised patients (Todd et al., 2018). In cattle, it has been identified in infected mammary glands (Todd et al., 2018). A previous report described the chain of infection with, P. wickerhamii, namely the reservoirs, route of transmission and length of incubation, as unknown or variable (Khan et al., 2018). By 2017, at least 211 cases caused by P. wickerhamii had been reported (Bakula et al., 2021). In our laboratory, we have collected 59 Prototheca isolates from Chinese clinical patients coming from Shanghai, Beijing, Zhejiang, Sichuan, Jiangsu, Shandong, Jiangxi, Fujian, Guangxi, Guangdong, Yunnan, Chongqing, and Henan. Based on the real-time PCR targeting portion D1/D2 of the 28S rRNA gene, P. wickerhamii was found to be the most abundant species in 37 patients with systemic or cutaneous protothecosis.

However, due to the lack of knowledge on the organism and molecular pathogen detection (Khan et al., 2018), protothecosis is difficult to diagnose leading to many patients failing to be treated timely and appropriately (Zeng et al., 2019). Despite the pathogenic potential of Prototheca spp., limited scientific knowledge of the genus has hindered the progress on how to prevent or treat infections. Until now, only little genomic data of Prototheca exist to support building this understanding. Five nuclear genome sequences are currently available in the NCBI database originating from five Prototheca species, namely, Prototheca ciferrii SAG2063 (Severgnini et al., 2018), Prototheca cutis JCM 15793 (Suzuki et al., 2018), Prototheca stagnora JCM 9641 (Suzuki et al., 2018), Prototheca bovis SAG 2021 (Severgnini et al., 2018), and P. wickerhamii ATCC 16529 (Bakula et al., 2021). However, all the public genomes (except for the one of P. wickerhamii) are draft genomes assembled from next-generation sequencing data, which limits the detailed genomic protothecosis research. Using the first closed genome, Bakula et al. could pioneer in describing the putative genes associated with protothecosis and disease development in P. wickerhamii (Bakula et al., 2021). Many genes associated with fungal pathogenicity, some potential virulence factors, and putative genes involved in protothecosis were identified in the P. wickerhamii genome (Bakula et al., 2021).

Besides its role as pathogen, Prototheca also represents an important model to study algal evolution due to the loss of photosynthesis. The taxonomic position of Prototheca as well as the number of Prototheca species have been debated for a long time (Jagielski et al., 2019). The phylogeny of Prototheca has been revised significantly several times because of more information becoming available including phenotypic, chemotaxonomic, and molecular data (Jagielski et al., 2019). The genus Prototheca along with Helicosporidium and Auxenochlorella belong to the green algal family of Trebouxiophyceae (Suzuki et al., 2018), with the polyphyly being reinforced with plastid genome-based phylogeny (Bakula et al., 2020). However, a study of the phylogenetic relationships of Auxenochlorella protothecoides and 23 Prototheca strains demonstrated inconsistencies with the molecular phylogenetic analyses based upon complete 16S and partial 23S plastid rDNA sequences (Ewing et al., 2014).

In order to investigate the evolution of Prototheca and the genetic basis for its pathogenicity, we herein sequenced two clinical isolates of P. wickerhamii, analyzed their phylogeny within the green algae, and identified genes potentially involved in the pathogenicity.



Methods


Sampling and Genomic DNA Extraction

The P. wickerhamii strain S1 (mucoid colony) was isolated from a case of an 85-year-old patient who had suffered from cutaneous infections in Shanghai, China. The P. wickerhamii strain S931 (rough colony) was isolated from a case of a 24-year-old patient who had suffered from multiple cutaneous infections in Shanghai, China (Figure S1). For macroscopic observation of colonies, each strain was streaked out on Sabouraud dextrose agar medium and incubated at 35°C for 3 days. Wet specimens were observed under a differential interference contrast microscope. The strains were harvested from agar culture medium and washed with distilled water, and then the genomic DNA was extracted with the CTAB method as described previously (Jagielski et al., 2017).



Library Preparation and Sequencing

Extracted genomic DNA (gDNA) was prepared for Illumina sequencing as libraries with insert sizes of about 350 bp using the HiSeq X Reagent Kit v2. An amplification-free approach was performed for 150-bp paired-end reads following the manufacturer’s protocol (Illumina) and sequenced on a NovaSeq 6000 Sequencing platform. The PCR duplicates, adapter, N content (N content >5%), and low-quality (quality value ≤10, low-quality base >20%) reads were excluded using SOAPnuke version 1.5.3 (Chen et al., 2018). Then, the clean reads were retained for genome survey. A total of 10 μg gDNA was used to select fragment sizes (>10 kb) with a BluePippin BLF7510 cassette (Sage Science, Beverly, MA, USA). The standard Oxford Nanopore Technologies library prep protocol was applied with a ligation sequencing kit SQK-LSK109. Then, DNA fragments were end-repaired, recovered, purified, and sequenced on the GridION X5 platform. The raw reads were removed with a Q value of <7 and a minimum read length <5,000 bp. The retained clean reads were applied to assemble the genome.



Genome Survey and Assembly

To obtain the genome size, heterozygosity, and repeat content, Illumina 150-bp paired-end reads were initially used to estimate the P. wickerhamii genome characteristics using a 17 K-mer by JellyFish (Marcais and Kingsford, 2011) and GenomeScope (Vurture et al., 2017). The quality-filtered Nanopore long reads were assembled using CANU v1.8 (Koren et al., 2017) with the parameters corOutCoverage = 40, and minReadLength = 1000 and Necat (Chen et al., 2021) with parameters –ctg_min_length=1000 and –coverage=40, respectively. The primary contigs were polished with raw Nanopore long reads using Racon v1.3.3 (three rounds) (Vaser et al., 2017) and Medaka v0.7.1 (one round) (https://github.com/nanoporetech/medaka). Subsequently, the Illumina short insert size reads were mapped to the polished consensus sequence using BWA-mem (v0.7.17) (Li and Durbin, 2009) and applied to correct the assembled genome by Pilon (v1.23) (Walker et al., 2014) with the default settings.



Genome Annotation and Functional Annotation

The assembled genome was annotated for repeats and genes. Two kinds of methods including homology-based and de novo methods were performed in repeat annotation. Firstly, in the homology-based method, the repeat sequence database of RepBase v21.12 (http://www.girinst.org/repbase) (Bao et al., 2015) was applied to identify the similarly repetitive sequences using RepeatModeler v2.0 (Flynn et al., 2020) (http://www.repeatmasker.org/RepeatModeler/)and LTR_FINDER v1.07 (Xu and Wang, 2007) (http://tlife.fudan.edu.cn/ltr_finder/). The de novo method was processed by RepeatMasker 3.3.0 (Saha et al., 2008) to predict the repetitive sequences. Three different algorithms (homology-based prediction, RNA-Seq data-based prediction, and ab initio prediction) were combined to predict the gene structure. In ab initio prediction, the coding regions of genes were predicted with a repeat-masked sequence using AUGUSTUS v3.2.3 (Stanke et al., 2006) and SNAP (Korf, 2004). A total of 9 published homology protein sequences from Arabidopsis thaliana, Auxenochlorella protothecoides, Chlamydomonas reinhardtii, Chlorella variabilis, Coccomyxa subellipsoidae, Helicosporidium sp., Micractinium conductrix, Trebouxia sp. A1-2, and Prototheca wickerhamii type strain ATCC 16529 were aligned to the assembled genome using TBLASTn (Kent, 2002). The transcriptome data of P. wickerhamii S1 and S931 (see below) were mapped to the genome sequences through BLAST and PASA software. Finally, the three kinds of evidence used for gene prediction and annotation were integrated with the MAKER (Holt and Yandell, 2011) pipeline. The mitochondrial (mtDNA) and plastid (ptDNA) genomes were annotated with the software of Genes of Organelle from the Reference sequence Analysis (AGORA) (Jung et al., 2018).

For functional annotation of protein-coding genes, protein sequences were aligned to five databases including NR (NCBI non-redundant protein), SwissProt (http://www.gpmaw.com/html/swiss-prot.html), KEGG (http://www.genome.jp/kegg/), KOG (Koonin et al., 2004), and TrEMBL (http://www.uniprot.org) using BLASTp with an E-value of 1 E−5. The protein motifs and domains were identified with InterPro (Mulder and Apweiler, 2007) and retrieved using Gene Ontology (GO) (Ashburner et al., 2000) terms. Benchmarking Universal Single-Copy Orthologs (BUSCO V5) (Simao et al., 2015) with the chlorophyta_odb10 database was used to investigate the quality of the genome assembly and gene annotation. To predict putative pathogenicity-related genes, the Pathogen-Host Interaction (PHI) database (Urban et al., 2020) was used to align with protein sequences using BLASTp with an E-value (1 E−5) cutoff.



RNA Extraction and RNA-Seq Data Analysis

A total of six samples (two P. wickerhamii-type strains, S1 and S931, with three biological replicates each) of RNA were obtained from cultured cells using the TRIzol reagent (Invitrogen, USA) following the manufacturer’s protocol. The algal cells were firstly treated with DNase I to remove DNA contamination, and then oligo(dT) magnetic beads were used to enrich total RNA. The library construction methods were consistent with previous reports (Jian et al., 2017). Finally, the constructed libraries were sequenced with 150-bp paired-end on a NovaSeq 6000 platform. Raw reads were preprocessed using SOAPnuke version 1.5.3 (Chen et al., 2018). The clean reads were then mapped to the reference genome (the newly sequenced genome of S1) to acquire the position information and the unique reads feature of the sequenced samples. The FPKM value of each gene was calculated using Cufflinks (Trapnell et al., 2010). The differentially expressed gene (DEG) analysis were performed with DESeq2 (Love et al., 2014). The false discovery rate (FDR) ≤0.05 and fold change ≥2 were used as the threshold to identify the genes significantly differentially expressed between the replicates.



Gene Family and Phylogenomic Analysis

The single-copy orthologous genes were identified with comparative analysis to examine the conservation of the two newly sequenced genomes and 11 published algae species using OrthoMCL (v2.0.9) (http://orthomcl.org/orthomcl/) (Li et al., 2003). The gene sets of the 11 genomes were processed in two steps. The genes encoding proteins less than 50 amino acids in length were excluded and the longest transcript was retained when there were several spliced transcripts in a gene. The similarity of protein sequences was evaluated by all-versus-all BLASTp (v2.2.26) with an e-value threshold of 1e-10 (Altschul et al., 1990). Single-copy orthologues were extracted from the gene clustering result, and the alignment was performed by the MUSCLE program (v3.8.31, http://www.drive5.com/muscle/) with default parameters (Katoh and Standley, 2013). The phase 1 sites of all single-copy orthologous genes were extracted and concatenated to one super-gene for the phylogeny tree using RAxML (v 8.2.12). Then, the species of Micromonas commoda was rooted as outgroup using TreeBest (https://github.com/Ensembl/treebest). The divergence time of species was calculated with MCMCTree module in PAML (v 4.9, http://abacus.gene.ucl.ac.uk/software/paml.html). Three time-calibrated points were derived from the TimeTree database (http://www.timetree.org/): M. commode–C. reinhardtii (792.4–1,019.6 Mya), O. tauri–C. reinhardtii (781.1–803.1 Mya), and C. reinhardtii–C. variabilis (586.9–604.9 Mya). The expansion and contraction analysis of gene families were performed with CAFE (v3.1) (De Bie et al., 2006).



Comparative Analysis

To test the consensus and variation among the P. wickerhamii genomes, the newly and previously assembled genomes were compared with each other using NUCmer 3.1 (MUMmer 3.23 package) (Delcher et al., 2003) and the completeness comparison was performed by MUMmerplot 3.5 (MUMmer 3.23 package) (Delcher et al., 2003) on the NUCmer results after filtering to 1-on-1 alignments and allowing rearrangements with a 1-kbp-length cut.
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Results


Genomic Characterization of P. wickerhamii and Genome Assemblies

To obtain the genome characteristics including genome size, heterozygosity, and repeat content, about 4.54 and 4.55 Gb of clean data with Illumina short insert size was generated for P. wickerhamii strains S1 and S931, respectively (Table S1). Both of the Q20 values of clean reads were higher than 98%, and the Q30 value was approximately 95%. Using jellyfish and GenomeScope (Kmer = 17), the estimated genome sizes were about 18.65 and 17.97 Mb for strain S1 and S931, respectively (Figures S2, S3). The heterozygosity was 2.69% for S1 and 3.96% for S931. The estimated genome size was a little higher than the one of the published genome of P. wickerhamii-type strain ATCC 16529 with 16.7 Mb. Using Nanopore sequencing on the GridION, in total, 1,328,625 and 681,088 raw reads were generated for S1 and S931, respectively. After filtering out the low-quality reads (Q value of <7 and minimum read length <5,000 bp), a total of 551,989 and 542,630 reads were retained for subsequent assembly. The total clean data were about 4.55 Gb with an average length of 8,235 bp and a maximum length of 153,066 bp for S1. For S931, with a total of 4.90 Gb, the average length was 9,035 bp and the maximum length was 149,724 bp (Table S2). The clean Nanopore long reads were used to obtain two primary genome sequences with Canu and Necat (Tables S3, S4), and the Necat-based genomes were used for downstream analyses.



Nuclear Genome Acquirement and Annotation

The mitochondrial (mtDNA) and plastid (ptDNA) genomes were obtained from the assembled sequences (Figure S4 and Table S5). After filtering the mtDNA and ptDNA genome sequences out, the length of the final nuclear genome of S1 was approximately 17.57 Mb with 19 contigs (Table S6). A final nuclear genome of 17.45 Mb with 26 contigs was generated for S931 (Table S7). For strain S1, the contig N50 was 1,639,047 bp with 98.25% of the genome present on 13 contigs, each larger than 500 kb. For S931, the contig N50 was 1,406,360 bp with 93.47% of sequences assembled in 15 contigs of more than 500 kb in size. The characteristics of the two strains of P. wickerhamii genomes are shown in Figure 1. The assembled genomes suggested that the long contigs were close to the chromosome level. The GC content of both genomes was approximately 64%. The repetitive sequences were initially annotated with homology-based and de novo methods. 3.11% and 2.49% of repetitive sequences were identified in S1 and S931, respectively, which might be the reason for P. wickerhamii genomes being the smallest and most compact microalgal genomes (Table S8). These results are a little higher than that of 2.25% in the genome of P. wickerhamii strain ATCC 16529. A total of 5,694 and 5,704 protein-coding genes were predicted in P. wickerhamii strains S1 and S931, respectively (Table 1), and thereby were slightly less than in strain ATCC 16529. The high quality of the genome and gene annotation was confirmed with the BUSCO V5 analysis based on chlorophyta_odb10 (a total of 1519 gene set). 88.4% and 86.9% of genes were evaluated to be complete for the predicted genes in S1 and S931, respectively (Table 1 and Table S9). The annotation of complete genes was higher in this study compared to P. wickerhamii strain ATCC 16529 (79.7%). Potentially, the greater volume of long-read sequencing data (4.5 Gb for S1 and 4.9 Gb for S931) led to more complete genome assemblies as compared to that of strain ATCC 16529 (2.2 Gb). The annotation of gene functions demonstrated that more than 95% of genes were annotated in both of the newly sequenced P. wickerhamii genomes (Table S10). The enrichment of Gene Ontology (GO) annotation showed a similar distribution of biological processes, cellular components, and molecular functions in strain S1 and S931, and these were the processes with the highest number of genes enriched in the global overview maps of Kyoto Encyclopedia of Genes and Genomes (KEGG) among all the pathways (Figures S5–S8).




Figure 1 | Characteristics of the two types of P. wickerhamii genomes. Distribution of genomic features of the P. wickerhamii genomes for strain S1 (red) and strain S931 (green). From inside to outside: (A) syntenic gene blocks, (B) GC content, (C) TE density, (D) gene number, (E) gene length, and (F) Contig (>500 kb).




Table 1 | Genome statistics of two newly sequenced and one published P. wickerhamii.





Phylogenetic Analysis

To gain insights into the evolution of Prototheca, the two newly sequenced genomes were compared with 11 other published, algal genomes including Micromonas commoda, Ostreococcus tauri, Prasinoderma coloniale, Chlamydomonas reinhardtii, Micractinium conductrix, Chlorella variabilis, Auxenochlorella protothecoides, Coccomyxa subellipsoidae, Prototheca stagnorum, Prototheca cutis, and P. wickerhamii strain ATCC 16529. M. commoda was used as the outgroup. The gene families were clustered for identifying the single-copy orthologous genes. The number of clustered gene families in these species ranged from 3,662 (P. stagnorum) to 8,012 (C. reinhardtii) (Table S11). The number of unique gene families in the five Prototheca strains was less than 10 (Table S11). A total of 2,798 gene families were shared between the five pathogenic Prototheca strains (Figure 2). 1,377, 1,018, 491, and 349 genes were shared in four, three, two, and one strain, respectively. Compared to the eight genomes of non-pathogenic algae, 494 gene families were unique to the five genomes of the pathogenic Prototheca strains. A total of 683 gene families were identified specific to P. wickerhamii in comparison to P. stagnorum and P. cutis. Finally, 737 single-copy orthologous gene families were shared by all 13 algal genomes. The phylogenetic tree implied that the genus of Prototheca forms a clade with A. protothecoides (Figure 3). The new sequenced P. wickerhamii strains S1 and S931 grouped in a single clade with strain ATCC 16529. Our analysis proposes that the genus of Prototheca diverged from Chlorella ~498.5 million years ago (Mya) and the species of P. wickerhamii separated from the common ancestor approximately 104.9 Mya (Figure 3). Following this divergence, 83 gene families showed expansion in species of P. wickerhamii, and 722 gene families showed contraction. Of the 83 expanded gene families, a total of 134 genes were enriched in several pathways within the KEGG analysis (Table S12). The genes were notably enriched in metabolic pathways, followed by biosynthesis of secondary metabolites and RNA transport (Table S12).




Figure 2 | Distribution of gene families in P. wickerhamii strain S1, P. wickerhamii strain S931, P. wickerhamii strain ATCC 16529, P. cutis, and P. stagnorum. Homologous genes in the five species were clustered into gene families. Numbers indicate unique and shared gene families in each species.






Figure 3 | A Phylogenetic tree and gene family expansion and contraction among 13 species. Node labels represent node ages. Expansion/contraction of gene families is shown in green and red.





Comparative Genomics and Putatively Involved in Pathogenicity With the PHI Database

For comparison of the three strains of P. wickerhamii, NUCmer v3.1 generated a total of 799 contig alignments between S1 and S931 averaging at 96.35% identity. 478 contig alignments were generated for S1 and ATCC 16529 with a sequence identity of 96.27%. The results of the sequence alignments showed highly conserved collinearity (Figure S9). Within the alignment results, a total of 94,236 SNPs were detected between strains S1 and S931 (Table S13). For the three sets of SNP comparisons in P. wickerhamii, 59.87%, 61.91%, and 58.60% were transitions in S1 vs. S931, S1 vs. ATCC 16529, and ATCC 16529 vs. S931, respectively, and the rate of transitions was higher than that of transversions (transition/transversion ratios ranged from 1.415 to 1.625) (Table S13). The SNP C/T was the most common (~30%) and A/T the least common (below 7.3%) substitution observed, which is different in comparison to findings in higher plant species (Lu et al., 2021).

To evaluate potential pathogenicity-associated genes in the Prototheca genomes, genome-wide protein BLAST analysis against the Pathogen Host Interaction (PHI) database was performed. The abundances of protein-coding genes identified as orthologs to PHI genes were similar among the five Prototheca strains and ranged from 1,578 in P. stagnorum, 1,744 in P. wickerhamii strain S1, 1,775 in P. wickerhamii strain ATCC 16529, and 1,789 in P. wickerhamii strain S931 to 1,791 P. cutis. A total of 2,195 PHI-database genes were matched in all five Prototheca genomes: 1,088 genes were annotated with “reduced virulence,” 474 with “unaffected pathogenicity,” 175 with “loss of pathogenicity,” and 35 with both “reduced virulence” and “loss of pathogenicity” (Supplementary Material 1). A total of 23 KOG functional categories were annotated with “reduced virulence,” “unaffected pathogenicity,” and “loss of pathogenicity” in S1 and S931 (Figure 4). The most abundant KOG categories were posttranslational modification, protein turnover, chaperones, and signal transduction mechanisms. A total of 62 PHI genes were highly represented with ≥10 hits among all the five genomes. The pathogen gene encoding MoTup1 (PHI:4475), a general transcriptional repressor, resulted in the highest number of 499 total hits in the Prototheca genomes. MoTup1 is required for dimorphism and virulence in a fungal plant pathogen (Chen et al., 2015). The second most abundant hits were obtained for CaTUP1 (PHI:211) and tup1 (PHI:6806), which are associated with transcription factors and transcriptional repressors, respectively, suggesting that transcriptional regulation might be important for the Prototheca pathogenesis.




Figure 4 | The KOG functional categories for “reduced virulence,” “unaffected pathogenicity,” and “loss of pathogenicity” in S1 and S931.





Difference in Gene Expression Between Strain S1 and S931

To identify unique features in the pathogenicity of the two P. wickerhamii strains S1 and S931, comparative transcriptomic analysis of six samples (three biological replicates of each strain, S1 and S931) was performed. A total of 25.9 and 20.4 Gb high-quality data (with the adaptors removed and low-quality data filtered out) were obtained, and approximately 38.55% and 34.91% reads could be mapped to the genes of the P. wickerhamii genomes of S1 and S931, respectively. A total of 3,786 differentially expressed genes (DEGs) were identified in the two strains. 1,887 genes were upregulated, and 1,899 genes were downregulated in S1 compared to S931 (Figure S10). With integration of the PHI database and InterPro annotation, 413 upregulated and 426 downregulated genes could be annotated in the datasets. The highest upregulated gene (Maker00004366) was annotated with the function of an integral membrane component (GO:0016021) and as satP gene (PHI:9230) encoding a symporter involved in the pathogenicity of Escherichia coli. The highest downregulated gene (Maker00001286) was annotated with three GOs, namely, protein kinase activity (GO:0004672), ATP binding (GO:0005524), and protein phosphorylation (GO:0006468). This gene was also matched with several PHI genes including PHI:1239(FGSG_02399), PHI:1230(FGSG_06959), PHI:1186(Sc_Cdc15), PHI:1241(FGSG_00469), and PHI:1257 (FGSG_07121) associated with pathogenicity of Fusarium graminearum. These DEGs could play a role in the unique metabolic or pathogenic strategies of each strain during growth and infection.




Discussion

The investigation of molecular epidemiology of P. wickerhamii is still limited. There were only a few studies including P. wickerhamii drug susceptibility tests and unrooted phylogenetic trees which were based on nuclear rDNA transcriptional units (Falcaro et al., 2021). In vitro, P. wickerhamii was generally susceptible to amphotericin and had variable susceptibility to triazoles (McMullan et al., 2016). The Prototheca CYP51/ERG11 and fungal CYP51/ERG11 were phylogenetically different from each other (Watanabe et al., 2021). Antifungal azoles had been used for the empirical treatment of protothecosis (Inoue et al., 2018). In vitro, the drug susceptibility tests of clinical and environmental isolates of P. wickerhamii to itraconazole (ITZ), voriconazole (VRZ), posaconazole (PCZ), and ravuconazole (RVZ) were different. RVZ was more effective than the other azoles against Prototheca species (Miura et al., 2020).

Prototheca genomes contain multiple copies of nuclear rDNA transcriptional units, each of which consists of an 18S small subunit (SSU) rDNA, 26S/28S large subunit (LSU) rDNA, ITS1, ITS2, and 5.8S rDNA (Hirose et al., 2013). The analysis of the P. wickerhamii 28S rRNA sequences revealed higher heterogeneity than cytb mitochondrial DNA sequences. A partial cytochrome b (CYTB) gene sequences had been used for identification of P. wickerhamii previously (Falcaro et al., 2021). The nucleotide sequences were heterogeneously different in rDNA copies of P. wickerhamii ITS, which might be useful for the intraspecies genotypic classification (Hirose et al., 2013). The P. wickerhamii ITS sequences could be grouped into four distinct clades (A to D). However, all of the strains examined only had the ITS of clades C and D (Hirose et al., 2013). The P. wickerhamii strains could be classified into at least two genotypes depending on ITS clades. Genotype 1 represented ITS clades A and B, and genotype 2 represented ITS clades C and D. The SSU rDNA of P. wickerhamii were very variable. Thus, the SSU-based intraspecies genotyping would be very difficult.

In this study, we compared two clinical strains of P. wickerhamii isolated in China for their rDNA by PCR and nucleotide sequencing. We obtained two P. wickerhamii genomes of strain S1 (17.57 Mb) and strain S931 (17.45 Mb). Assessing the assembly with two software tools, the Necat assembly resulted in a higher genome quality and completeness. The newly assembled genomes of both strains were nearly 1 Mb larger than the previously published genome of the type strain ATCC 16529 (16.7 Mb) (Bakula et al., 2021). Also, percentages of repetitive elements were slightly higher than for ATCC 16529 (Bakula et al., 2021). The greater abundance of repetitive elements might explain the higher assembled genome size with a higher level of genome quality and completeness. The small assembled genome size and low content of repetitive elements suggest that the P. wickerhamii genome is one of the smallest and most compact microalgal genomes.

The genus of Prototheca is the only algae to be involved in a series of clinically relevant opportunistic infections in humans and animals (Kwiecinski, 2015). Most human pathogenic cases are caused by P. wickerhamii, which suggests that this species may have undergone an evolutionary specification process. The pathogenicity may come from the horizontal gene transfer or new evolutionary functions acquired. So far, genomic information on Prototheca has been limited and previous analysis of plastid genomes suggested that P. wickerhamii and its closest photosynthetic relative A. protothecoides diverged 6–20 Mya (Yan et al., 2015). In contrast, our analysis based on the nuclear genomes suggests an even earlier divergence from a common ancestor at around 350 Mya. Phylogenetically, A. protothecoides is however still placed within the clade of Prototheca, which opens up interesting questions about the loss of photosynthesis and the evolution of protothecosis in Prototheca.

The three strains of P. wickerhamii were classified in the same clade. Although the collinearity of sequence alignment showed high sequence consistency between the strains, the detected SNPs may be used as a resource for the identification.

A comparison of the Prototheca genomes against the Pathogen Host Interaction (PHI) identified potential pathogenicity-associated genes that were enriched highly in the KOG functional categories of posttranslational modification, protein turnover, chaperones, and signal transduction mechanisms. These functional genes included those involved in the ATP-binding cassette (ABC) transporter, which could be linked to nutrient uptake, drug resistance, or bacterial pathogenesis. Three DnaJ (PHI:10485, PHI:4733, and PHI:6986) genes were annotated with heat shock protein and enriched in the PI3K 383 and JNK signaling pathways. These results were similar with the previous report in the P. bovis-induced infections (Murugaiyan et al., 2016). The pathogen gene encoding MoTup1 resulted in the highest abundance of hits in Prototheca and has important regulatory roles in the growth and development of fungi (Chen et al., 2015). These results agree with a previous study indicating that putative pathogenicity genes in Prototheca are similar to those in fungi (Bakula et al., 2021). Also, annotation of the high DEGs in S1 and S931 suggests similarities to fungal pathogenicity. The two types of P. wickerhamii strains showed different culture phenotypes. The sporophyte of strain S1 (mucoid colony) was smaller than that of strain S931 (rough colony). The metabolic or pathogenic strategies may be caused by these DEGs.



Conclusion

In this study, we assembled the high-quality mitochondrial (mtDNA), plastid (ptDNA), and nuclear genomes of two P. wickerhamii strains. Both mtDNA and ptDNA genome sequences were assembled in one circular contig. The nuclear genomes of strain S1 (17.57 Mb with 19 contigs) and S931 (17.45 Mb with 26 contigs) were nearly at the chromosome level. The comparative genomics and evolutionary analysis showed that the genus of Prototheca was closely related to A. protothecoides and diverged from Chlorella 500 Mya. The species-specific differences in the genetics, pathogenicity, and differentially expressed genes of the P. wickerhamii strains have been discovered. The high-quality genomes provide a valuable reference for the evolutionary and pathogenicity studies of Prototheca and provide genomic resources for the diagnosis of protothecosis.
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Chromoblastomycosis (CBM) is a chronic disease caused by several species of dematiaceous fungi. In this study, a regional collection of 45 CBM cases was conducted in Guangdong, China, a hyper-endemic area of CBM. Epidemiology findings indicated that the mean age of cases was 61.38 ± 11.20 years, long duration ranged from 3 months to 30 years, and the gender ratio of male to female was 4.6:1. Thirteen cases (29%) declared underlying diseases. Verrucous form was the most common clinical manifestation (n = 19, 42%). Forty-five corresponding clinical strains were isolated, and 28 of them (62%) were identified as F. monophora; the remaining 17 (38%) were identified as F. nubica through ITS rDNA sequence analysis. Antifungal susceptibility tests in vitro showed low MICs in azoles (PCZ 0.015–0.25 μg/ml, VCZ 0.015–0.5 μg/ml, and ITZ 0.03–0.5 μg/ml) and TRB (0.015–1 μg/ml). Itraconazole combined with terbinafine was the main therapeutic strategy used for 31 of 45 cases, and 68% (n = 21) of them improved or were cured. Cytokine profile assays indicated upregulation of IL-4, IL-7, IL-15, IL-11, and IL-17, while downregulation of IL-1RA, MIP-1β, IL-8, and IL-16 compared to healthy donors (p < 0.05). The abnormal cytokine profiles indicated impaired immune response to eliminate fungus in CBM cases, which probably contributed to the chronic duration of this disease. In conclusion, we investigated the molecular epidemiological, clinical, and laboratory characteristics of CBM in Guangdong, China, which may assist further clinical therapy, as well as fundamental pathogenesis studies of CBM.
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Introduction

Chromoblastomycosis (CBM) is a chronic cutaneous and subcutaneous fungal infection disease caused by several species of dematiaceous fungi, and mainly distributed in tropical and subtropical areas worldwide. In 2017, CBM was first recognized as a neglected tropical disease by the World Health Organization (WHO, 2017). The etiological agents of CBM are mainly related to the genera Cladophialophora, Phialophora, and Fonsecaea (Ameen, 2010). Incidence of CBM usually follows a trauma with a contaminated organic material such as plant thorns, wood, plant debris, grass, and tree cortex, leading to the implantation of the fungus in the subcutaneous tissues, where the fungus changes from mycelial form to its parasitic form composed of muriform cells. The muriform cells are the key to CBM development, which are extremely resistant to the harsh conditions imposed by the host immune system (Queiroz-Telles et al., 2017).

Fonsecaea are the most common pathogens of CBM (Najafzadeh et al., 2011), including four clinical related species, F. pedrosoi, F. nubica, F. monophora, and F. pugnacius. Although the morphology of these four species is extremely similar, the pathogenicity is different from each other. F. pedrosoi and F. nubica appear to be exclusively associated with CBM under skin (De Hoog et al., 2004), whereas F. monophora and F. pugnacius were found to gain a much wider tissue tropism, e.g., brain, gallbladder and lymph node (Saberi et al., 2003; Surash et al., 2005; de Azevedo et al., 2015). The archived studies indicated that the clinical manifestations of CBM could be classified into 6 types (clinic, nodular, plaque, verrucous, tumor, cicatricial, and mixed form) and three stages (mild, moderate, and severe form) (Queiroz-Telles et al., 2017). The clinic treatment of CBM is quite challenging; there is no universal treatment protocol that could be followed. Many modalities, including antifungals, immunomodulatory therapy, physical methods, photodynamic therapy (PDT), and surgical excision, have been used solely or combined for the treatment of CBM in previous reports (Paniz-Mondolfi et al., 2008; Zhang et al., 2009; Queiroz-Telles and Santos, 2013; de Sousa et al., 2014; Hu et al., 2019; Huang et al., 2019). So far, itraconazole (ITC) and terbinafine (TRB) are the most commonly used antifungal drugs in the treatment of CBM (Lopez and Mendez, 2007; Daboit et al., 2013; Daboit et al., 2014).

The host defense mechanisms in CBM are still poorly understood (Seyedmousavi et al., 2014). Several studies demonstrated that both innate and adaptive immune responses are required for effective containment of infections (Sousa et al., 2011). Initially, Mazo et al. (2005) demonstrated that the severity of CBM correlated with the balance of TH1 and the TH2 immune response. Another study manifested that Treg/Th17 imbalance in CBM patients decreased local immune response to the fungus (Silva et al., 2014). In our previous studies, we found that the melanization of F. monophora probably inhibited production of nitric oxide and T helper cell type I cytokines in murine macrophages, and enhanced persistence of the agent in both in vitro and in vivo (Zhang et al., 2013; Jiang et al., 2018). However, the detailed immune response against fungus remains unclear.

Given the different clinical manifestations of CBM cases, variable causative agents, and poorly understood immune response, there is a great need to explore the real situation in different endemic areas of CBM. In this study, a regional collection of 45 CBM cases was from the Dermatology Hospital of Southern Medical University during 2016 to 2021, aiming to investigate the epidemiology characteristics, evaluate the susceptibility of antifungal agents against isolates in vitro, and clarify the cytokine profiles of these CBM cases in Guangdong, China, a hyper-endemic area of CBM.



Materials and Methods


Clinical Data of Chromoblastomycosis Cases

All of the 45 diagnosed CBM cases who visited the Dermatology Hospital of Southern Medical University from 2016 to 2021 were enrolled in this study. The detailed clinical data (age, sex, site of predilection, etiologic agent, trauma, underlying disease, time of evolution, severity, lesion type, treatment, and outcome) of CBM cases were collected (Table S1, Clinical Data of 45 cases of Chromoblastomycosis ). The procedure associated with patients was approved by the Ethics Committee Board of Dermatology Hospital of Southern Medical University.



Isolation and Morphology Identification

The skin lesion of each patient was taken and checked under a microscope when they visited our hospital the first time, and then sent for further culture on sabouraud dextrose agar (SDA) at 26°C for 2 weeks. The suspect colonies were taken and morphologically identified under a microscope. The pure cultured isolates were grown at 26°C on both SDA and potato dextrose agar (PDA) plates for 2 to 3 weeks. Slide cultures were done under the same conditions and checked again with microscopy to confirm the morphology.



Molecular Identification

The morphology-identified pure isolates were cultured again under the above conditions for 2–3 weeks. The fungi were collected (~0.5 g) into a clean microtube (2 ml). The genome DNA was extracted using the protocol adapted from DNA Purification from Yeast (The Gentra Puregene Yeast/Bact. Kit, QIAGEN, Germany). The ITS regions were used for species identification for these isolates. The PCR amplification was performed in T100 Touch Thermal Cycler (Bio-Rad, USA) using primers ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) or ITS1 (TCCGTAGGTGAACCTGCGG) and ITS5 (5′-GGAAGTAAAAGTCGTAACAAGG-3′) in a 50-μl reaction system containing 1 μl of template genome DNA, 25 μl of Taq polymerase (Premix Taq, TaKaRa Taq Version 2.0 plus dye, Japan), 20 μl of ddH2O, and 2 μl of each primer (10 μM). PCR was conducted with the following conditions: 95°C for 3 min, followed by 34 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 1 min and a final extension of 72°C for 5 min. PCR amplicons were checked using electrophoresis in 1% agarose gel (100 V for 45 min). The positive amplicons were purified and sent to Sangon Biotech (Shanghai, China) for Sanger sequencing as described previously (White et al., 1990; Gauthier, 2007) using the same primers. The homology evaluations were done on the GenBank database using BLAST analysis available at www.ncbi.nlm.nih.gov. All the sequences attained in this study were submitted to the GenBank database under accession numbers listed in Table S2, Genbank accession number of 45 clinical strains.



Phylogenetic Analysis

A phylogenetic method was used to explore the relationships among the 45 clinical isolates. ITS sequences were aligned using MUSCLE with a panel of 50 reference strains from the mycobank database (http://www.mycobank.org), and a maximum likelihood (ML) phylogenetic tree was constructed with MEGA 6.0 using the K2+G model with 500 bootstrap replicates. Bootstrap > 70 were considered as consistent support branches.



Antifungal Susceptibility Testing

The Sensititre YeastOne® panel trays containing serial twofold dilutions of anidulafungin (AND, 0.015–8 μg/ml), micafungin (MFG, 0.008–8 μg/ml), caspofungin (CAS, 0.008–8 μg/ml), 5-flucytosine (5-FC, 0.06–64 μg/ml), posaconazole (PCZ, 0.008–8 μg/ml), voriconazole (VCZ, 0.008–8 μg/ml), itraconazole (ITR, 0.015–16 μg/ml), fluconazole (FLU, 0.12–256 μg/ml), and amphotericin B (AMB, 0.12-8 μg/ml) were purchased from Thermo Fisher Company (Shanghai, China). The packages of YeastOne® panels were stored at room temperature until testing was performed. A working conidium suspension of approximately 0.5–5 × 104 cells/ml was prepared in YeastOne® broth (Trek). Each well of the dried YeastOne® panels was rehydrated with 100 μl of the working conidium suspension delivered by a multichannel pipetting device. The YeastOne® panels were covered with seal strips and incubated at 35°C for 120–144 h in a non-CO2 incubator. The colorimetric MIC endpoints were determined by visual reading. Fungal growth was evident as a color change from blue (no growth) to red (growth). Colorimetric MIC results for all of the testing drugs were defined as the lowest concentration of antifungal agent that prevented the development of a red color from firstly blue or purple. Because terbinafine (TER) is another commonly used antifungal agent against Fonsecaea spp. infection, not involved in YeastOne® method, we used the ClSI method to test its susceptibility according to the reference (M38, Reference Method for Broth Dilution Antifungal Susceptibility Testing of Filamentous Fungi, 3rd Edition). The concentration range of terbinafine was 0.015–8 μg/ml. Reference broth microdilution testing was performed exactly as outlined in the CLSI document with a conidium suspension of 1 ×104 CFU/ml in RPMI 1640 medium buffered to pH 7.0 with 0.165 mol/L morpholinepropanesulfonic acid (MOPS) buffer. The panels were incubated at 35°C and observed for the presence or absence of growth at 120–144 h depending on the growth of each fungus.



Human Serum Cytokine Determination

To evaluate the host immune response to Fonsecaea spp., the serums from 18 of 45 patients and 4 healthy donors were taken before treatment and used for cytokine production screening using protein chip array. The serums of healthy donors were collected from a vaccination project that aimed to collect otherwise healthy donors. The white blood cell, percentage of neutrophil, percentage of lymphocyte, and neutrophil-to-lymphocyte ratio of healthy donors were normal. All protocol of protein chip array reference to Quantibody Human Inflammation Array3 kits to quantitative measurement of 40 human cytokines (RayBiotech, Norcross, GA, USA). This array is a glass slide-based antibody assay that allows us to conduct rapid, accurate expression profiling of 40 human cytokines. Two hundred microliters of each human serum sample was used for this protein chip array. After incubation with serum samples, the cytokines were captured by the antibodies printed on the solid surface of glasses. The slide was blocked, and then washed several times according to the protocol instruction. Then, a second biotin-labeled detection antibody was added to recognize different epitopes of the target cytokines. The signal can be determined through the streptavidin-conjugated Cy3 equivalent dye after scanning by laser fluorescent scanner systems (Axon GenePix, CA, USA). The density of each spot was taken and normalized using Q-analyzer software (no.GSM-CAA-4000-SW).



Statistical Analysis

GraphPad Prism software (version 8.3.0. San Diego, California USA, www.graphpad.com) was used for all statistical analyses. The difference in clinical severity, lesion types, and species distribution was analyzed using Wilcoxon rank sum test and Fisher’s exact test. The correlation was tested by Spearman test. Antifungal test data among drugs were tested by Mann–Whitney U test and cytokine data were tested by unpaired t-test. The error bars indicate standard deviation of the mean. The portion results are presented as the mean ± standard deviation; p < 0.05 indicated statistical significance.




Results


Clinical Findings of Chromoblastomycosis Cases

All of the 45 CBM patients come from various cities of Guangdong province. Their clinical characteristics are listed in Table 1. The age ranged from 24 to 86 years old (61.38 ± 11.20). The ratio of male to female was 4.6:1. The occupation of 25 cases (56%) was farmer and 17 cases (38%) reported a trauma history. The course of CBM lasted from 3 months to 30 years, while most of the patients (n = 38, 84%) were more than 1 year. Thirteen cases (29%) had underlying diseases, namely, diabetes (n = 3), systemic lupus erythema (n = 2), nephrotic syndrome (n = 1), lung cancer (n = 1), chronic colitis and bronchitis (n = 1), and cardio-cerebral vascular-related diseases (n = 5), and 26 patients (58%) were immunocompetent and denied underlying diseases, while the data of the remaining 7 cases were not available. The most common infection sites occurred in the upper extremity (49%, n = 22), followed by the lower extremity (40%, n = 18) and trunk (11%, n = 5). Verrucous form was the most common clinical presentation for all 45 cases (42%, n = 19), followed by plaque form (38%, n = 17), cicatricial (7%, n = 3), tumorous (2%, n = 1), nodular (2%, n = 1), and mixed form (9%, n = 4) of lesions, which were also noted in this study. The classification of severity of CBM was based on type of lesions, size, and extension [3], including 13 mild cases (29%), 14 moderate cases (31%), and 18 severe cases (40%). Oral itraconazole (200 mg/day) in combination with terbinafine (250mg/day) as the initial antifungal therapy was used in 31 cases (69%) solely or combined with other adjunctive therapy (e.g., photodynamic therapy, surgery, and thermotherapy) for 3–6 months. Whether these patients need to be followed by monotherapy of itraconazole or terbinafine as maintenance treatment depended on their clinical outcomes. Among them, 21 cases (68%) improved or were cured. Three patients who received ALA-PDT (5-Aminolaevulinic acid PDT) combined with antifungal agents improved greatly after 3–4 treatment sessions at an interval of 1 week. The duration of treat time recorded in our hospital ranged from 1 to 37 months (mean 8.62 ± 9.46 m). Twenty-six of 45 CBM cases (58%) showed notable improvement, 3 cases had complete remission, 5 cases had relapse, while 11 cases (24%) were lost to follow-up.


Table 1 | Clinical data of 45 cases of Chromoblastomycosis.





Molecular Identification and Phylogenetic Analysis

Among the 45 corresponding clinical isolates identified through ITS rDNA sequence analysis, 28 (62%) were F. monophora, and the remaining 17 (38%) were F. nubica. The ITS sequencing alignment scores of the fungal isolates herein studied exhibited 99%–100% identity compared with corresponding ITS sequences deposited in the mycobank database (Figure 1). There were three major clusters observed in the phylogenetic tree, including F. pedrosoi, F. monophora, and F. nubica. F. erecta and F. brasiliensis were classified as an outgroup in this study, which indicated a variety of evolution history for different species of Fonsecaea. The strains in this study were assigned into the cluster of F. monophora (n = 28) and F. nubica (n = 17) with bootstrap support, which is consistent with the results of molecular identification.




Figure 1 | An ITS maximum likelihood (ML) phylogenetic tree of strains isolated in this study. Three species, F. monophora, F. pedrosoi, and F. nubica, were shown in the tree. The tree was constructed with MEGA 6.0 using K2+G model with 500 bootstrap replicates. Bootstrap > 70 were considered as consistent support branches. The strains in this study were marked as a blue dot in tips.





Correlation Between Clinical Manifestation and Species Distribution

The correlation of clinical severity and species distribution was analyzed using the Wilcoxon rank sum test. Although statistical results showed that F. monophora (n = 11) caused a more mild form of CBM than F. nubica (n = 2), not supported by statistical test (z = −1.458, p = 0.145). There was no difference and correlation between fungal strains and skin lesion, as well as skin lesion and severity tested by Fisher’s exact test (p = 0.846 > 0.05) and Spearman correlation test (r = 0.04) (Table 2).


Table 2 | Clinical manifestation and species distribution of 45 CBM cases.





Antifungal Susceptibility Testing

The geometric mean of MICs, MIC ranges, MIC50s, and MIC90s for the Fonsecaea isolates is summarized in Table 3. PCZ (MIC range 0.015–0.25 μg/ml), VCZ (MIC range 0.015–0.5 μg/ml), and ITZ (MIC range 0.03–0.5 μg/ml) were the azole antifungal agents that showed high activity against the Fonsecaea isolates. TRB (MIC range 0.015–1 μg/ml) was also active to these strains, but less effective than in azoles. For echinocandins, most isolates showed less sensitivity to AND (MIC range 2–>8 μg/ml), MFG (MIC range 1–>8 μg/ml), and CAS (MIC range 0.25–>8 μg/ml). The susceptibility profile between F. monophora and F. nubica showed no differences among the antifungal agents (p > 0.05).


Table 3 | Minimal inhibitory concentrations (MIC) of 10 antifungal agents against 45 clinical isolates of Fonsecaea spp.





Human Serum Cytokine Determination

The Quantibody Human Inflammation Array3 was employed to determine 40 human cytokines that are normally presented as an inflammation response of host cells. We compared the expressed level of cytokines between patients and healthy donors. The results indicated that IL-4, IL-7, IL-15, IL-11, and IL-17 were upregulated (Figure 2), while IL-1Ra, MIP-1β, IL-8, and IL-16 were downregulated (Figure 3) (unpaired t-test, p < 0.05). We also compared the expression level of cytokines in the patients with severe form and mild form. Thirty-four cytokines were upregulated, while 6 were downregulated between severe and non-severe patients (Supplementary Figure S1). IL-4, a marker cytokine of Th2, was highly induced in severe form cases compared to mild form cases (p < 0.05). However, the production of other cytokines showed no significant difference between severe and mild form cases (p > 0.05).




Figure 2 | Upregulated expressed cytokines (IL-4, IL-7, IL-15, IL-11, and IL-17) in CBM patients compared to healthy controls (unpaired t-test, p < 0.05). *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.






Figure 3 | Downregulated expressed cytokines (IL-1Ra, MIP-1β, IL-8, and IL-16) in CBM patients compared to healthy controls (unpaired t-test, p < 0.05). *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.






Discussion

The age distribution of patients (mean 61.38 ± 11.20 years) in this study was similar to reports from Taiwan (mean 65.9 ± 13.6 years) and Guangdong (59 years, 29 to 83 years) (Fransisca et al., 2017; Yang et al., 2018). The gender ratio (4.6:1) was higher than the report from Taiwan (2.75:1) (Yang et al., 2018) and lower in Guangdong (6.5:1) (Fransisca et al., 2017). The male patients were still the dominant affected population. The skin lesions of most patients (89%) were limited to extremities. The occupation (56% farmers), trauma history (38%), and distribution of lesion sites reemphasize that traumatic inoculation from a contaminated environment is the primary mode of infection in CBM. Fifty-eight percent of patients claimed no underlying diseases, while 8 cases had immunosuppressed diseases including diabetes, systemic lupus erythema, nephrotic syndrome, lung cancer, and chronic colitis. The skin lesion was limited to body sites instead of spreading. We assumed that the local immunity may play an important role to contain the infection. In our study, verrucous form was the most common skin lesion (42%), similar to a report from Taiwan (43%) (Yang et al., 2018). The long duration, bad compliance, and improper therapy may be the main reasons for the high proportion of severe skin lesions (40%). We also supposed long treatment time and expensive medical expense lead to bad compliance, which may be responsible for low healing rate (3 cases) in this cluster of cases.

The combination therapy of oral terbinafine and itraconazole, which was proved to have a synergistic effect against Fonsecaea spp. in a previous study (Zhang et al., 2009), was used for the treatment of 31 cases and 68% improved or were cured. This combined therapeutic strategy was supposed to be effective and safe in the management of CBM. Photodynamic therapy as a safe adjunct therapy was also used to treat CBM (Hu et al., 2019; Huang et al., 2019). Three patients who received ALA-PDT improved greatly in 3–4 weeks. However, the high price of the photosensitizer prevented it from being widely used by more patients. In total, 65% of the patients improved or were cured, but we still face the challenges of when will the endpoint of therapy be and how can we reduce relapse.

In Madagascar and Brazil, F. pedrosoi is the main causative agent of CBM (Esterre et al., 1996; Silva et al., 1998; Gomes et al., 2016). In Japan, Yaguchi et al. (2007) found 33 isolates previously identified morphologically as F. pedrosoi were F. monophora actually. In China, there were more than 500 CBM cases reported since 1952. The predominant agent of CBM was C. carrionii in Northern China and F. monophora in Southern China (Xi et al., 2009). F. nubica is a genetic sibling of F. monophora. So far, there are more than 40 strains of F. nubica reported in published literature from Brazil and China (Gomes et al., 2016; Fransisca et al., 2017; You et al., 2019). Surprisingly, we did not isolate F. pedrosoi in the Guangdong region. These results seemed to confirm again that F. pedrosoi was found nearly exclusively in Central and South America, while F. nubica and F. monophora were distributed worldwide (Esterre et al., 1996; Minotto et al., 2001). Interestingly, incidence of F. nubica infection was comparable with that of F. monophora (17 vs. 28) in this study. Referring to Fransisca’s reports in Guangdong (Fransisca et al., 2017) (15 of 60 cases caused by F. nubica), we found an increased ratio of F. nubica infection. The major difference was the time Fransisca’s data were collected (before 2015); our data were collected from 2016 to 2021. Whether the increased ratio of F. nubica infection resulted from a change of pathogen profile was still unknown. Long-term surveillance and molecular epidemiology study for all CBM cases are greatly needed in the future.

YeastOne® is a widely used commercial antifungal test product, and it shows accuracy and reproducibility for susceptibility of Candida (Cuenca-Estrella et al., 2005; Eschenauer et al., 2014), as well as in filamentous fungi, e.g., Aspergillus, Sporothrix, dermatophytes, and dematiaceous fungi (Pujol et al., 2002; Siopi et al., 2017; Zheng et al., 2019). Compared to CLSI (the National Committee for Clinical Laboratory Standards reference broth microdilution antifungal susceptibility testing method), this method has the advantages of being time-efficient, cost-effective, simple, and easily handled. Zheng et al. (2019) reported that YeastOne® showed high agreement from 85.3% to 100% compared to CLSI in 9 antifungal agents against F. pedrosoi. In our study, all the azoles except fluconazole displayed low MICs, indicating that these azoles may have good therapeutic effects on infection caused by Fonsecaea. Although voriconazole had a low MIC range (0.015–0.5 μg/ml) compared to Najafzadeh’s report (Najafzadeh et al., 2010), they had similar MIC90 values (0.125 μg/ml vs. 0.25 μg/ml). Most MICs of Azoles obtained were similar to those in other studies of Fonsecaea by using CLSI (Najafzadeh et al., 2010). Echinocandins had a limited role in the treatment of CBM for F. monophora and F. nubica, which was also observed in other studies (Najafzadeh et al., 2010; Badali et al., 2013). There were no significant differences in either MIC90 or MIC50 between F. monophora and F. nubica in all tested antifungal agents, which was consistent with archived studies (Najafzadeh et al., 2010; Badali et al., 2013; Coelho et al., 2018). The results of our test of susceptibility to Fonsecaes spp. in vitro using the yeastone® method had high consistency with other reports using the ClSI method, which confirmed that it was an effective alternative method for determining susceptibility of Fonsecaea spp.

Previous studies indicated that severe CBM produced high levels of IL-10 and low levels of IFN-γ together with inefficient T-cell proliferation. Meanwhile, patients with the mild form showed intense production of IFN-γ, low levels of IL-10, and efficient T-cell proliferation (Mazo et al., 2005). In our study, we only found that IL-4 was highly produced in severe compared to mild form cases (p < 0.05). However, no significant differences were found in cytokines IL-10, IFN-γ, and TNF-alpha comparing severe form to mild form cases, as well as in patients and healthy controls. In addition, we found that IL-7 and IL-15 (Th1 cytokines), IL-11 (proinflammatory cytokine), and IL-17 (Th17 cytokine) significantly increased comparing patients to healthy controls (p < 0.05), but there was no significant difference when comparing severe to mild form cases (p > 0.05). The antifungal cytokines—Type1 (IL-7 and IL-15), Th17 (IL-7), and proinflammatory (IL-11)—were all significantly enhanced in CBM patients, presumably as a compensatory response to the long-term fungal infection. Surprisingly, we also detected the significantly reduced expression of IL-1Ra, MIP-1β, IL-8, and IL-16 in the serum of CBM patients. The cytokines of MIP-1β, IL-8, and IL-16 played important roles in recruiting macrophages, neutrophils, and CD4 molecules, respectively, which are crucial immune cells against fungal infection (Cruikshank et al., 1994; Maurer and von Stebut, 2004; Remick, 2005). Downregulation of these cytokines indicated impaired immune response to eliminate fungus in CBM cases, which probably contributed to chronic duration of CBM. IL-1Ra (IL-1 receptor antagonist) was a cytokine to inhibit activities of IL-1A, IL-1B. IL-1Ra knock out mice were highly resistant to invasive aspergillosis (Gresnigt et al., 2014), which seemed to be paradoxical to the reduced expression of IL-1Ra in CBM patients. The role that IL-1Ra played in Fonsecaea infection still needs further investigation. In this study, we obtained the different cytokine profiles compared to previous studies. The probable explanation was the sample types we used in our study differ from the peripheral blood mononuclear cells (PBMCs) used in archived studies (Mazo et al., 2005). Therefore, future studies will focus on these differently expressed cytokines in both blood and tissues of CBM patients to address the remaining questions.

In conclusion, our study showed a comprehensive clinical and molecular characteristic of a cluster of 45 CBM cases in Guangdong, China, which may represent the regional trends in this subtropical hyper-endemic area of CBM. These data will definitely contribute to better management and clinical therapy, and will help countries still struggling to combat this difficult fungal infection in the West Pacific.
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Equine histoplasmosis commonly known as epizootic lymphangitis (EL) is a neglected granulomatous disease of equine that is endemic to Ethiopia. It is caused by Histoplasma capsulatum variety farciminosum, a dimorphic fungus that is closely related to H. capsulatum variety capsulatum. The objective of this study was to undertake a phylogenetic analysis of H. capsulatum isolated from EL cases of horses in central Ethiopia and evaluate their relationship with H. capsulatum isolates in other countries and/or clades using the internal transcribed spacer (ITS) region of rRNA genes. Clinical and mycological examinations, DNA extraction, polymerase chain reaction (PCR), Sanger sequencing, and phylogenetic analysis were used for undertaking this study. Additionally, sequence data of Histoplasma isolates were retrieved from GenBank and included for a comprehensive phylogenetic analysis. A total of 390 horses were screened for EL and 97 were positive clinically while H. capsulatum was isolated from 60 horses and further confirmed with PCR, of which 54 were sequenced. BLAST analysis of these 54 isolates identified 29 H. capsulatum isolates and 14 isolates from other fungal genera while the remaining 11 samples were deemed insufficient for further downstream analysis. The phylogenetic analysis identified five clades, namely, African, Eurasian, North American 1 and 2, and Latin African A and B. The Ethiopian isolates were closely aggregated with isolates of the Latin American A and Eurasian clades, whereas being distantly related to isolates from North American 1 and 2 clades as well as Latin American B clade. This study highlights the possible origins and transmission routes of Histoplasmosis in Ethiopia.
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Introduction

Equine histoplasmosis is caused by H. capsulatum var. farciminosum which is a dimorphic fungus that is closely related to Histoplasma capsulatum variety capsulatum (H. capsulatum var. capsulatum), which is a causative agent of histoplasmosis in humans. H. capsulatum var. farciminosum has mycelia and yeast forms; the mycelial form lives in the soil in hot and humid areas while the yeast form is found in the lesions of infected equids. The zoonotic significance of H. capsulatum var. farciminosum has not been well investigated. However, there were reports of sporadic cases of humans that were not fully established by rigorous laboratory investigations (Al-Ani, 1999). Nonetheless, the World Organization for Animal Health (OIE, 2018) recommends that all laboratory procedures involving H. capsulatum var. farciminosum should be conducted with appropriate biosafety and containment procedures.

Equine histoplasmosis, commonly known as epizootic lymphangitis (EL), is a contagious chronic disease of equines characterized clinically by a suppurative pyogranulomatous dermatitis and lymphangitis at the early stage, which later becomes ulcerate as the disease progresses (Singh, 1965; Radostits, 1994). In equids, EL can appear in cutaneous, ocular, or/and respiratory forms (Singh, 1965; Ameni, 2007). The cutaneous form occurs as a result of direct or indirect contact between traumatized skin and infected and/or contaminated substances. The conjunctival form is assumed to be transmitted by flies of the Musca or Stomoxys genera (Singh, 1965), while inhalation of the causative agent leads to the development pulmonary form.

Epidemiologically, EL occurs more frequently in tropical and subtropical regions than in temperate regions, which is due to the favorable environmental condition for the survival of the mycelial form of H. capsulatum var. farciminosum. It is endemic in north, east, and northeast Africa and in countries bordering the Mediterranean Sea, India, Pakistan, East Africa, and Japan (Selim et al., 1985; Guérin et al., 1992; OIE, 2008). However, there is scarcity of literature on the epidemiology of EL in the equine population of these countries except an indication of their endemicity to the disease. Furthermore, there is little or no information on the epidemiology of human histoplasmosis in the tropical and subtropical regions of the world although the climatic condition is conducive for the replication of Histoplasma. Additionally, little effort was made on the isolation and characterization of H. capsulatum varieties in general and H. capsulatum var. farciminosum in particular. Most of the studies conducted so far were performed on human histoplasmosis and its causative agents, i.e., H. capsulatum var. capsulatum and H. capsulatum var. duboisii. Hence, studies are needed on the epidemiology of equine histoplasmosis and H. capsulatum var. farciminosum. A study conducted in Ethiopia between January 2003 and June 2004 on 19,082 carthorses at 28 towns reported a prevalence of 18.8% indicating the widespread occurrence of the disease in Ethiopia (Ameni, 2006). In addition to affecting horses, the disease also affects mules, and a prevalence of 21% was recorded in 309 cart mules in western Ethiopia (Ameni and Terefe, 2004). The infection in mules was observed to be highly associated with tick infestation (Guérin et al., 1992; Ameni and Terefe, 2004).

On top of its economic impact, because of its chronic and debilitating nature, EL is characterized by causing severe welfare problem to equines. The disease poorly responds to treatment. Moreover, EL requires a longer duration, which is not attractive for the owners of equines.

Azoles and amphotericin B are used for the treatment of histoplasmosis in humans and animals in developed countries. However, amphotericin B could not be used in developing countries where EL is most common for its cost (CFSPH. CFSPH, 2019). Instead, EL is treated with cheap drugs such as intravenous sodium iodine or oral potassium iodide, sometimes in conjunction with topical iodide applied to lesions and/or surgical excision. However, iodide has limited efficacy in moderate to severe cases (CFSPH. CFSPH, 2019). Hence, control by vaccination could be an alternative method that requires for the development of a new vaccine. To this effect, identifying the strains of H. capsulatum var. farciminosum that infect the equine population would contribute to designing of the potential vaccine candidates. The objective of this study was to undertake the phylogenetic analysis of H. capsulatum isolated from EL cases of horses in central Ethiopia and evaluate the relationship of the Ethiopian isolates with the isolates from other countries on the basis of the ITS region of rRNA genes.



Materials and Methods


Study Animals and Sampling

The screening of the horses for EL was conducted in central Ethiopia using clinical examination. Accordingly, 390 carthorses were examined for the characteristic clinical lesions of EL. The visible parts of the body of each horse were inspected for the presence of nodules and/or ulcers caused by EL. Inspection was made for the cutaneous, ocular, and respiratory forms of the disease. In addition, the contents of the nodular lesions were aspirated with needles and syringes and smeared on glass slides for microscopic examination. Thereafter, the slides were stained with Giemsa stain and then examined at ×100 using oil immersion for the typical yeast form of the organism, which appears as ovoid to globose in shape (Buxton and Fraser, 1977).



Isolation of H. capsulatum var. farciminosum

The aspirates of the nodular lesions were cultured on Sabouraud Dextrose Agar enriched with 2.5% glycerol for the isolation of the mycelial form while Brain Heart Infusion Agar was used for the isolation of the yeast form. Chloramphenicol (0.5 g/l) was added to each of these two media to avoid the growth of bacterial contaminants. After inoculation of the samples onto the media, incubation was made at 26°C for 8 weeks for the isolation of the mycelial form while the isolation of the yeast form was made at 37°C for 8 weeks. The growth of dry, gray-white, granular wrinkled colonies within 4–8 weeks was considered as positive for the growth. A differentiation between the colonies of the two forms was made by Giemsa staining (OIE, 2008). As mycelial colonies were abundant, they were used for the extraction of DNA for sequencing.



DNA Extraction and Amplification

The mycelial colonies of 60 culture positive samples were harvested and used for the extraction of DNA for subsequent molecular analysis. DNA extraction was done using the cetyltrimethylammonium bromide (CTAB) method (Mace et al., 2003). The concentration of the DNA was estimated using the NanoDrop ND 1000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA) while the quality of the DNA was evaluated using GelRed®-based 1% gel electrophoresis. A pair of primers (ITS1 and ITS4) (8-11 Munpyeongseo-ro, Daedeok-gu Daejeon, 34302, Republic of Korea) was used for PCR reactions. The primers used were ITS1 (forward primer) with a sequence of TCC GTA GGT GAA CCT GCG G and ITS4 (reverse primer) with a sequence of TCC TCC GCT TAT TGA TAT GC (White et al., 1990). The final concentration of each of the two primers was 0.1 μM/μl. Amplification was carried using a 50-μl reaction volume containing 40 ng of DNA template, PCR buffer containing 50 mM KCl, 10 mM Tris–HCl (pH 8.3), and 3 mM MgCl2, 0.2 mM of each deoxynucleoside triphosphate (dNTPs), 25 pmol of each primer, and 1 U of Taq DNA polymerase. PCR was performed in the thermal cycler (Eppendorf Mastercycler) programmed for the first denaturation at 95°C for 5 min followed by 35 cycles of the succeeding step denaturation at 95°C for 45 s, annealing at 58°C for 1 min and extension at 72°C for 1 min, and a final extension period of 72°C of 7 min. The PCR products were electrophoresed in 1.8% agarose (Sigma Chemical Co., St. Louis, MO) using GelRed® at 100 V for 45 min, and the bands were visualized with a UV transilluminator.



Purification of the Amplicon for Sequencing

Amplicons were purified using QIAquick® PCR Purification Kit (Qiagen®, Hilden, Germany) according to the manufacturer’s protocols. Following the purification, the concentration and purity of DNA were measured using the NanoDrop spectrophotometer while its integrity was examined using GelRed-based gel electrophoresis. Pure DNA samples with 20 ng/μl or greater concentrations with distinct bands on agarose gel were used for sequencing. Sequencing was conducted at Bioneer Corporation (8-11 Munpyeongseo-ro, Daedeok-gu Daejeon, 34302, Republic of Korea) using the Sanger capillary sequencing method. To this effect, purified PCR products of 60 samples, a positive control, and a pair primer (ITS1 and ITS4) were submitted to Bioneer Corporation through the Biosciences Eastern and Central Africa-International Livestock Research Institute (BecA-ILRI, Kenya) Hub and the sequence data were received.



Sequence Curation

The trace files of all samples were checked for quality and subjected to trimming using a quality score of 0.05 with ambiguous nucleotides, and thereafter the trimmed sequences were saved for further subsequent analysis. Sequence curation was performed using SeqMan Pro 15 DNASTAR Lasergene 15. The forward and reverse sequences of each sample were assembled using the assembly parameters, which included a minimum aligned read length of 50, medium alignment stringency, and conflict votes of A, C, G, and T. Full contigs and consensus sequences were created using these assembly parameters. Trace files which did not fulfil these requirements and those with poor quality to obtain the full-length data were removed from downstream analysis.



Phylogenetic Analysis

For the analysis of the phylogenetic relationship among worldwide isolates, the ITS1-5.8s-ITS2 region sequences of H. capsulatum were retrieved from the National Center for Biotechnology Information (NCBI, nig.gov) database. Retrieved GenBank sequences corresponding to H. capsulatum were aligned with nucleotide sequences of the isolates of the present study using the Clustal W program. Nucleotide substitutions of the best-fit model for each locus were statistically selected using jModelTest 2.0. Phylogenetic relationships were then estimated using Bayesian methods as implemented in MrBayes v3.2.6. A Tamura-Nei model + gamma model was used as it was assumed to best fit the data. Bayesian support for nodes was inferred in MrBayes using 42 × 106 Markov Chain Monte Carlo (MCMC) steps, with sampling every 200 generations. Convergence was reached after the average standard deviation of the posterior probability was below 0.01 and the value of the potential scale reduction factor reached 1.00. The clade assignment was based on the previous histoplasmosis ITS1–ITS2 nucleotide sequences data published by other studies conducted in Japan, Australia, Mexico, Brazil, Argentina, China, Thailand, and several European and African countries (Kasuga et al., 2003; Landaburu et al., 2014). Blastomyces dermatitidis (EF592163.1) that was isolated from USA was included in the phylogenetic analysis as an outgroup in order to improve bootstrap values.




Results


Clinical Cases of Epizootic Lymphangitis

The proportion of EL in the recruited horses was 25% (97/390) in central Ethiopia. However, only 67 horses that had unruptured nodular lesions were used for the aspiration of contents of nodules for culturing of H. capsulatum. The observed clinical lesions were characterized by a suppurative, nodular or ulcerating, spreading pyogranulomatous, multifocal dermatitis, and lymphangitis. As it is shown in Figure 1A, the disease affects the limbs, the chest wall, and the neck. In all cases, the lesions were nodular and granulomatous in character and spread locally by invasion and via the lymphatics. The yeast form H. capsulatum was demonstrated by staining the aspirates of the nodules using Giemsa stain in which it appears as centrally transparent oval shaped and located intracellularly in the macrophages or extracellularly in the nodular content (Figure 1B).




Figure 1 | Clinical epizootic lymphangitis case of a carthorse and the yeast form of H. capsulatum var. farciminosum in central Ethiopia. (A) Granulomatous inflammation of the lymphatic vessels, the regional lymph nodes, and the skin of the fore limbs; as the disease progressed, the nodules ulcerated and formed ulcers. (B) Giemsa-stained yeast form of H. capsulatum var. farciminosum obtained from nodular aspirate and observed under microscope at ×100 with oil immersion. The yeast cells are shown by arrow; the purple cells are granulocytes while the orange cells are red blood cells.





Growth of Equine Histoplasma

The growth of mycelial colonies was confirmed in 60 horses. The colonies appeared between 4 and 8 weeks of incubation as gray-white at the early stage, but as the colonies were aging, they became brown in color (Figure 2A). The mycelial colonies were abundant and voracious in feeding, emptying the 10-ml Sabouraud Dextrose Agar within a few months. Similarly, the yeast form was grown on the Brain Heart Infusion Agar and the colonies were gray in color and relatively small in size (Figure 2B). In the present study, the mycelial colonies were harvested for the extraction of DNA and subsequent molecular activities.




Figure 2 | Mycelial and yeast colonies of H. capsulatum var. farciminosum isolated from epizootic lymphangitis cases of horses in central Ethiopia. (A) Mycelial colonies on 2.5% glycerol enriched Sabouraud Dextrose Agar grown at 26°C after 4–8 weeks of incubation. The slants show pure mycelial colonies that are abundant, gray/white in color at the early stage but becoming brown as they are aging. (B) Yeast colonies grown on the Brain Heart Infusion Agar at 37°C after incubation for 4–8 weeks. The yeast colonies are small in size and whitish gray in color.





Identification of Histoplasma by PCR and Blasting of the Sequence Data

All the 60 culture-positive samples were also positive with PCR for Histoplasma. The molecular weights of the PCR products of all the 54 samples were similar and weigh about 600 bp (Figures 3A–D). The qualities and concentration of the 60 PCR products were assessed by further sequencing, but six PCR products failed to fulfill the required quality and concentration for library preparation. Thus, the library of 54 DNA samples was submitted for sequencing excluding the six PCR samples. BLAST analysis of these 54 isolates identified 29 H. capsulatum isolates and 14 isolates from other fungal genera (Table 1), while the remaining 11 samples were deemed insufficient for further downstream analysis. The alignment of the sequence data of the 29 Ethiopian isolates showed highly conserved ITS regions (Figure 4). There were a few gaps at the beginning of the sequences, and uneven sequence lengths were observed because of the deletions of sequences; the longest sequences have 653 bp while the shortest sequences have 553 bp.




Figure 3 | Result of gel electrophoresis of PCR products of Histoplasma capsulatum isolated from epizootic lymphangitis cases of horses in central Ethiopia. In each gel (A–D), the left lane is the 1-kb ladder while the remaining 12 lanes (2–13) represent samples. The molecular weights of all PCR products were equal and were about 600 bp as indicated by arrows on each gel.




Table 1 | Histoplasma and other fungal genera identified by blasting the sequence data.






Figure 4 | High rate of conservation amongst Ethiopian Histoplasma capsulatum in ITS1-5.8s-ITS2 region: CLUSTAL W alignment of the 92 isolates including the 29 generated from this study. The sequences different from the consensus sequences are highlighted by a different color; dark colors indicate gaps.





Phylogenetic Relationships Between the Ethiopian Isolates and Other Isolates

The sequence data of isolates from different countries were included for the phylogenetic analysis. The accession number and the origin of these isolates are presented in Table 2. The phylogenetic analysis identified six clades. These clades include the African, Eurasian, North American 1 and 2, and South American A and B. Almost all the Ethiopian isolates recovered by the present study were grouped under the African clade and were closely clustered with isolates from South American A and Eurasian clades (Figure 5 and Supplementary File). Similarly, one Ethiopian of the two isolates reported from Ethiopia by a previous study and named as EZL 2.1 was also clustered with the new Ethiopian isolates, while the second isolate which was designated EZL 2.2 was further away from the Ethiopian isolates of this study. The Ethiopian isolates were clustered further from the clades of North America 1, North America 2, and South America B.


Table 2 | Accession numbers of the H. capsulatum isolates included in the phylogenetic analysis and their countries of origin.






Figure 5 | Evolutionary analysis of Histoplasma capsulatum isolated from Ethiopia and other countries by maximum likelihood method. The evolutionary history was inferred by using Bayesian inference with the Tamura-Nei model + gamma model. Clades are presented as color tips parallel to sample names which also indicate their countries of origin and NCBI accession number. Sample names written in red color font (Ethiopian) are those generated by the present study, while two Ethiopian isolates that are written in blue font color were generated by previous study in Ethiopia.






Discussion

In the present study, H. capsulatum was isolated from 60 EL cases of horses in central Ethiopia, of which the DNA samples of the isolates from 54 could qualify for further molecular analysis using sequencing of the ITS region. BLAST analysis of 54-sequence data identified 29 H. capsulatum while 14 were identified as other fungal genera including Aspergillus, Eurotium, Penicillium, and Cladosporioides. However, the remaining 11 DNA samples were not deemed of sufficient length to continue downstream analysis and hence were removed. The source of the other fungal genera could not be identified as the cultures were pure and had similar colonies. In addition, as it can be observed from the gels, the PCR products of each sample had a clear single band. Hence, it could be difficult to explain the origin of these fungal genera.

Since the ITS region is a universal to fungal species, it was thus difficult to classify the varieties of Histoplasma capsulatum into H. capsulatum var. capsulatum, H. capsulatum var. farciminosum, or H. capsulatum var. duboisii. Therefore, in this study, phylogenetic analysis could group the isolates at the species level of Histoplasma capsulatum to evaluate the relationship among the isolates of Histoplasma from different countries. The phylogenetic analysis grouped the global isolates into African, Eurasian, North American 1 and 2, and South American A and B. All of the newly isolated Ethiopian Histoplasma isolates were grouped with the South American A and Eurasian clades. However, they were clustered distantly furthest away from the North American 1 and 2 as well as South American B clades.

In addition to Ethiopia, the African clade was isolated from Egypt, Uganda, and South Africa. This clade is closely related with the Latin American A clade. In addition, the African clade is related to the Eurasian clade. The Eurasian clade was isolated from Europe (Belgium) and Asian countries (Thailand, Japan, Indonesia, India, and China). The South American A clade was originally isolated from the Latin American countries including Cuba, Colombia, Ecuador, and Guatemala covering a broader geographic coverage. The complex genetic population structure of the South American A clade was reported earlier (Teixeira M de et al., 2016). Unlike the South American A clade, the South American B clade is limited to isolates from Argentina, as it can observed in the phylogenetic tree of this study. The South American A and B clades were reported by Kasuga and coworkers (Kasuga et al., 2003); however, Sepúlveda and coworkers reported only the South American A clade (Sepúlveda et al., 2017).

Previous studies have reported the North American 1 and North American 2 clades (Kasuga et al., 2003; Sepúlveda et al., 2017). The North American 2 clade was isolated from humans in USA and limited to USA so far, as it has not been reported from other countries. Both the North American 1 and 2 clades are not related to the Ethiopian isolates. This suggests the less likely chance of transmission of Histoplasma organisms between Ethiopia and USA. In addition to the present isolates, EZL 2.1 and EZL 2.2 were reported from Ethiopia earlier by other researchers (Scantlebury et al., 2016). In the phylogenetic tree of the present study, EZL 2.1 was grouped closely with the isolates of the present study. However, EZL 2.2 was grouped further from the other Ethiopian isolates.

Different authors classified the clades of Histoplasma capsulatum based on different markers. Kasuga and coauthors reported eight different clades using the phylogenetic analysis of 137 isolates based on the DNA sequence variation in four independent protein-coding genes (Kasuga et al., 2003). The authors identified the North American 1 and 2, Latin American A and B, Australian, Netherlands (Indonesia)?, Eurasian, and African clades. As reported by these authors, seven of the eight clades can be considered as recognized phylogenetic species while the Eurasian clade could be classified under the Latin American A clade. A more recent study proposed six additional phylogenetic species of Histoplasma within Latin American isolates using 234 isolates by increasing the taxon sampling and using different phylogenetic and population genetic methods (Teixeira M de et al., 2016). Thus, there are different ways of classifying the isolates of H. capsulatum by different authors, which warrants reaching on a consensus single method that can be used for all researchers working on H. capsulatum.

Previous studies classified H. capsulatum into three varieties (Kasuga et al., 1999). According to this study, H. capsulatum var. capsulatum causes histoplasmosis in humans primarily affecting the lungs. Furthermore, H. capsulatum var. capsulatum was also isolated from domestic cats with severe and disseminated mycosis in the lungs (Panciera, 1969; Arunmozhi Balajee et al., 2013). Moreover, histoplasmosis due to H. capsulatum var. capsulatum was reported in dogs in USA (Brömel and Sykes, 2005). Although H. capsulatum var. capsulatum was reported from about 60 countries from all continents (Ajello, 1988), it is highly prevalent in the North America and Latin America (Kwon-Chung et al., 1992). There are two clades of H. capsulatum var. capsulatum in North America which differ in growth phenotypes, restriction fragment length polymorphisms of mitochondria, and genomic DNA (Vincent et al., 1986; Spitzer et al., 1989). The North American 1 isolates were isolated from HIV patients while the North American 2 isolates were isolated from both individuals infected with HIV and individuals not infected with HIV (Spitzer et al., 1990).

H. capsulatum var. duboisii is considered to be the causative agent of African histoplasmosis in humans that is characterized by cutaneous, subcutaneous, and osseous lesions (Stelzner and Rippon, 1990), while H. capsulatum var. farciminosum causes subcutaneous and ulcerated lesions in the skin of horses and mules (Stelzner and Rippon, 1990). Additionally, H. capsulatum var. farciminosum causes similar lesions in dogs (Ueda et al., 2003). Animal histoplasmosis is widespread throughout Europe, North America, India, and South Asia (Kwon-Chung et al., 1992). In addition, H. capsulatum var. farciminosum was isolated from soil in caves infested with bats in Israel (Ajello et al., 1977), suggesting the possibility of its transmission by bats which can excrete the fungus through feces or other secretions that can contaminate the soil, thereby facilitating its further transmission to equines. Additionally, disseminated histoplasmosis was diagnosed in domestic cats and in wild badgers (Meles meles) in Austria (Klang et al., 2013) and in Germany (Eisenberg et al., 2013), respectively, suggesting the importance of these species of animals in the epidemiology of histoplasmosis. The morphology of the yeast cells of H. capsulatum var. farciminosum resembles that of H. capsulatum var. capsulatum (Panciera, 1969).

This study is the first study in sequencing a relatively large number of H. capsulatum var. farciminosum isolated from EL cases of horses. In addition, the sequences of Ethiopian isolates were compared with the sequence data of H. capsulatum isolates that were retrieved from GenBank. This effort can be considered as the strength of this study. However, the weakness of the study is the use of the internal transcribed spacer (ITS) region of rRNA genes, which is a universal gene in fungal organisms.



Conclusion

In conclusion, according to the phylogenetic analysis of the sequences of the ITS region of rRNA genes of Histoplasma, the Ethiopian isolates were closely related to the South American A and Eurasian clades while they were distantly clustered further away from the North American 1 and 2 and South American B clades.
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Accession number Strain Country of origin Source Clade
AF322378.1 Histoplasma capsulatum USA Dog NAmM;
AB055229.2 Histoplasma capsulatum USA Human NAM,
AB071821.1 Histoplasma capsulatum USA Human NAmM,
AB071822.1 Histoplasma capsulatum USA Human NAmM,
AF129545.1 Histoplasma capsulatum USA Human NAmM,
AF129542.1 Histoplasma capsulatum USA Human NAmM4
AB055228.2 Histoplasma capsulatum USA Human NAmM;4
AF129547 .1 Histoplasma capsulatum USA Human NAmM¢
AF129546.1 Histoplasma capsulatum USA Human NAmM4
AF129543.1 Histoplasma capsulatum UK Human Eurasia
AF129544.1 Histoplasma capsulatum Thailand Human Eurasia
AF129538.1 Histoplasma capsulatum Thailand Human Eurasia
AF129539.1 Histoplasma capsulatum Thailand Human Eurasia
AF129540.1 Histoplasma capsulatum Japan Human Eurasia
AF129541.1 Histoplasma capsulatum Japan Human Eurasia
AB055236.2 Histoplasma capsulatum Indonesia Human Eurasia
AB055238.2 Histoplasma capsulatum Thailand Human Eurasia
AB055239.2 Histoplasma capsulatum Thailand Human Eurasia
AB055240.2 Histoplasma capsulatum Thailand Human Eurasia
AY623792.1 Histoplasma capsulatum Japan Dog Eurasia
AB055244.2 Histoplasma capsulatum Japan Human Eurasia
AB055235.2 Histoplasma capsulatum Indonesia Human Eurasia
AB071830.1 Histoplasma capsulatum Guatemala Human SAmMa
AB071827.1 Histoplasma capsulatum Ecuador Human SAmM,
AB071823.1 Histoplasma capsulatum Colombia Human SAmA
AB071840.1 Histoplasma capsulatum China Human Eurasia
AB071843.1 Histoplasma capsulatum Australia Human Eurasia
KC693546.1 Histoplasma capsulatum Argentina Skin SAmMg
KC693545.1 Histoplasma capsulatum Argentina Larynx biopsy SAmMg
KC693541.1 Histoplasma capsulatum Argentina LRC HIV SAmMg
KC693542.1 Histoplasma capsulatum Argentina Skin HIV SAmg
KC693543.1 Histoplasma capsulatum Argentina Blood culture HIV SAmg
KC693544.1 Histoplasma capsulatum Argentina Oral mucosa HIV SAmg
KC693537.1 Histoplasma capsulatum Argentina Skin HIV SAmg
KC693538.1 Histoplasma capsulatum Argentina Skin SAmg
KC693539.1 Histoplasma capsulatum Argentina Bone marrow HIV SAMg
KC693536.1 Histoplasma capsulatum Argentina Blood culture HIV SAmg
AB055231.2 Histoplasma capsulatum Argentina human SAmg
KC693533.1 Histoplasma capsulatum Argentina Blood culture HIV SAmg
KC693534.1 Histoplasma capsulatum Argentina Nasal mucosa SAmg
KC693535.1 Histoplasma capsulatum Argentina Oral mucosa SAmMg
MN912626 Histoplasma capsulatum Ethiopia (this study) Horse

MN912624 Histoplasma capsulatum Ethiopia (this study) Horse

MN912625 Histoplasma capsulatum Ethiopia (this study) Horse

MN912622 Histoplasma capsulatum Ethiopia (this study) Horse

MN912623 Histoplasma capsulatum Ethiopia (this study) Horse

MN912620 Histoplasma capsulatum Ethiopia (this study) Horse

MN912621 Histoplasma capsulatum Ethiopia (this studly) Horse

MN912618 Histoplasma capsulatum Ethiopia (this study) Horse

MN912619 Histoplasma capsulatum Ethiopia (this study) Horse

MN912614 Histoplasma capsulatum Ethiopia (this study) Horse

MN912615 Histoplasma capsulatum Ethiopia (this study) Horse

MN912616 Histoplasma capsulatum Ethiopia (this study) Horse

MN912617 Histoplasma capsulatum Ethiopia (this study) Horse

MN912612 Histoplasma capsulatum Ethiopia (this study) Horse

MN912613 Histoplasma capsulatum Ethiopia (this study) Horse

MN912607 Histoplasma capsulatum Ethiopia (this study) Horse

MN912611 Histoplasma capsulatum Ethiopia (this study) Horse

MN912599 Histoplasma capsulatum Ethiopia (this study) Horse

MN912603 Histoplasma capsulatum Ethiopia (this study) Horse

MN912604 Histoplasma capsulatum Ethiopia (this study) Horse

MN912605 Histoplasma capsulatum Ethiopia (this study) Horse

MN912596 Histoplasma capsulatum Ethiopia (this study) Horse

MN912597 Histoplasma capsulatum Ethiopia (this study) Horse

MN912598 Histoplasma capsulatum Ethiopia (this study) Horse

MN912595 Histoplasma capsulatum Ethiopia (this study) Horse

MN912587 Histoplasma capsulatum Ethiopia (this study) Horse

MN912588 Histoplasma capsulatum Ethiopia (this study) Horse

MN912591 Histoplasma capsulatum Ethiopia (this study) Horse

MN912594 Histoplasma capsulatum Ethiopia (this study) Horse

EF592163.1 Blastomyces dermatitidis

NAm,, North America 1 clade; NAm., North America 2 clade; SAm,, South America A clade; SAmg, South America B clade.
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C. albicans C. parapsilosis C. tropicalis C. glabrata C. rugosa C. haemulonii Total
ICUs 9 (8.18%) 11 (10.00%) 4(3.64%) 6 (5.45%) 1(0.91%) 0 31(28.18%)
Department of gastroenterology 12 (10.91%) 7 (6.36%) 5 (4.54%) 2(1.82%) 0 0 26 (23.64)
Department of burn wound 5 (4.54%) 4 (3.64%) 4(3.64%) 0 1(0.91%) 0 14 (12.79)
Department of emergency 6 (5.45%) 1(0.91%) 3(2.73%) 0.91%) 0 0 1(10.00%)
Department of infectious diseases 0 4 (3.64%) 1(0.91%) 0 0 0 5 (4.54%)
Department of hematology 0 0 4 (3.64%) 0 0 0 4 (3.64%)
Department of orthopedics 1(0.91%) 1(0.91%) 0 0 0 0 2(1.82%)
Department of urology 3 (2.73%) 0 0 0 0 0 3(2.73%)
Department of general surgery 1(0.91%) 2 (1.82%) 0 0 0 0 3(2.73%)
Department of Nephrology 0 2 (1.82%) 0 0 0 0 2(1.82%)
Department of neonatal pediatrics 1(0.91%) 1(0.91%) 0 0 0 1(0.91%) 3(2.73%)
Department of ENT 1(0.91%) 0 0 0 0 0 1(0.91%)
Department of maternity 1(0.91%) 0 0 0 0 0 1(0.91%)
Plastic Surgery 0 1(0.91%) 0 0 0 0 1(0.91%)
Cardiothoracic Surgery 0 3(2.73%) 0 0 0 0 3(2.73%)
Total 40 (36.36%) 37 (33.64%) 21 (19.09%) (8.18%) 2 (1.82%) 1(0.91%) 110 (100%)
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C. albicans C. parapsilosis C. tropicalis C. glabrata C. rugosa C. haemulonii
N MeanAbs=SD  Range N MeanAbs=SD  Range N MeanAbs=SD  Range N MeanAbsxSD  Range N  Range N  Range

Blood Biofilm 22 0.139+0094 0027-0295 21 0646+0.778 0.007-2492 13 0438+0454 0.059-1.5646 5 0.112+0.011 0.095- 2 0085-0098 1 0.061-0.061
(N=64) Caseinase 0.357 +0.078  0.257-0.504 0.484 +0.112  0.330-0.703 0417 £0.139  0.310-0.669 0.325 +0.024  0.300- 0.516-0.657 0.453-0.453

Hemolysin 0.309 + 0.047 0.233-0.456 0420+ 0.135  0.325-0.555 0.357 +0.049 0.287-0.457 0.221 +0.019  0.207-0.246 0.514-0.555 0.336-0.336
Catheter tips  Biofilm 7 0312:0291 0.065-0.768 2 0.110+0.141 0.010-0209 0 0 0 0 0 0 0
(N=9) Caseinase 0.311 £+ 0.031 0.277-0.363 0473+ 0.076 0.419-0.527

Hemolysin 0.318 +0.052 0.336-0.373 0.390 + 0.042  0.360-0.420
Drainage fluid  Biofilm 3 0203+0.181 0040-0399 6 0986+1.157 0004-2514 6 0.150+0.121 0051-0.358 2 0.178+0.098 0.109-0247 0 0
(N=17) Caseinase 0.316 + 0.016  0.298-0.329 0.456 + 0.045 0.415-0.536 0.380 + 0.053  0.330-0.471 0.328 + 0.015 0.317-0.338

Hemolysin 0.347 + 0.059 0.304-0.414 0.394 + 0.028 0.361-0.440 0.348 +0.049 0.287-0.418 0.313+0.090 0.249-0.376
Abscess Biofim 4 0.127 0.127-0.127 1 0.522 0.522-0.522 0 0 0 0 0 0
(N=2) Caseinase 0.295 0.295-0.295 0.403 0.403-0.403

Hemolysin 0.383 0.383-0.383 0.44 0.440-0.440
Secretion Biofim 2 0296+0010 0.289-0.303 0 0 0 0 0 o 0 0 0
(N=2) Caseinase 0.325+0.017 0.313-0.337

Hemolysin 0.291£0024 0.274-0.308
Others Biofim 5 0174+0.103 0.049-0328 7 0876+0940 0.016-2006 2 1.432+1.667 0.253-2.611 2 0.109-0.109 0 0
(N=16) Caseinase 0.319+0.018 0.300-0.344 0425+ 0.072 0.345-0.558 0.365 + 0.083 0.306-0.423 0.309 +0.004 0.306-0.311

Hemolysin 0.358 £ 0.034 0.312-0.396 0.389 £ 0.042  0.302-0.434 0.374 £0.024  0.357-0.391 0.241£0.014  0.231-0.251

N. number of tested isolates: SD, standard deviation.
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Locus No. of Length Total No. of No. of dN- dy/ Nucleotide  Haplotype  Average no. Tajima’s Tajima’s D
alleles (bp) Number of polymorphic Haplotypes dS ds? Diversity (r) Diversity of nucleotide D? (P-value)

Sites’ sites (SNP) (Hd) differences
(k)
ACT 22 830 824 12 12 -0.98 <1 0.00367 0.853 3.02401 0.87646 >0.10
CAL 8 689 689 5 8 -0.39 <1 0.00196 0.702 1.35305 0.63566 >0.10
EFla 23 715 681 13 12 -0.12 <1 0.00277 0.695 1.88838 -0.54682 >0.10
RPB2 16 952 952 18 16 -3.62 <1 0.00518 0.864 4.93145 1.56775 >0.10
SOD2 18 437 433 18 16 081 >1 0.01335 0.770 5.78177 2.29468 <0.05
TuB 12 401 393 1 " -093 <1 0.00517 0.582 2.03089 0.17512 >0.10
Concatenated 159 4024 3972 77 149 0.00471 0.9965 18.67192 1.31347 >0.10

sn

"Excluding sites with gaps/missing data.
2Non synonymous-synonymous substitutions ratio determined as described by Nei and Gojobori (1986) in MEGA version 11 (Tamura et al., 2021).
STajima’s test for neutrality (Tajima, 1989).
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Population  No. segregating No. pairwise No. of pairs of sites with No. of significant Z,s* Linkage Estimate Minimum no.
sites analysed ~ comparisons  four gametic types pairwise disequilibrium  of R/gene recombination
comparisons’ (LD) value|D’| events (Rm)

Al 74 2556 1181 798 (229) 0.0505 Y =0.8257 - 59.4 17
0.0970X

ACT 12 55 3 35 (23) 0.1585 Y =1.0310- 16 1
0.2161X

CAL 5 6 0 2(2 0.0337 Y =1.0000 - 17 0
0.0000X

EFla 13 66 6 8(10) 0.0772 Y=09131+ 46 2
0.2146X

RPB2 18 153 19 99 (71) 0.1571 Y =0.9738 - 223 3
0.0082X

SOD2 18 1563 30 97 (67) 0.2231 Y =1.0359 - 5.5 4
0.5977X

TUB 11 55 4 12 (9) 0.1318 Y =1.0016 - 08 1
0.1617X

"By Fisher's exact test (after Bonferroni correction).
*Z,s, interlocus genetic association; |D'|, linkage disequilibrium (LD) value, where Y is LD value and X is nucleotide distance in kilobases.
**Based on concatenated multilocus gene sequence of all loci.
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Geographic  No. of No. of Length Total No. of No.of  Nucleotide Haplotype Average no. Tajima's Tajima’'s

origin strains sequence (bp) number of polymorphic haplotypes diversity (r) diversity of nucleotide D? D
types (ST) sites’ sites (SNP) (Hd) differences (P-value)
(k)
Australia 84 69 3994 3971 59 65 0.00381 0.993 16.12220 0.85368 >0.10
Europe 95 81 4022 3971 58 74 0.00365 0.991 14.47436 0.83132 >0.10

" Excluding sites with gaps/missing data
2Tajima’s test for neutrality (Tajima, 1989).
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Antifungal MIC (ug/ml)

agent Fonsecaea spp.(n = 45) F. monophora (n = 28) F. nubica (n = 17)
Range MICso MICqo GM Range MICso MICgo GM Range MICso MICqo GM
AND 2->8 4 >8 3.24 2->8 2 >8 3.09 2->8 4 >8 3.50
MFG 1->8 8 >8 6.35 2->8 8 >8 6.32 1->8 8 >8 6.42
CAS 0.25->8 1 >8 1.74 0.25->8 1 8 1.48 0.25->8 2 >8 227
5-FC 0.12-8 4 8 5.46 0.25-16 8 8 5.76 0.12-16 4 8 4.96
PCZ 0.015-0.25 0.12 0.25 0.10 0.015-0.25 0.06 0.12 0.10 0.015-0.5 0.12 0.25 0.12
vCzZ 0.015-0.5 0.06 0.12 0.09 0.015-0.25 0.06 0.12 0.08 0.015-0.5 0.06 0.12 0.10
TR 0.03-0.5 0.25 0.25 0.18 0.03-0.25 0.25 0.25 0.18 0.03-0.5 0.12 0.25 017
FLU 8-128 32 32 28.62 8-64 32 32 26.00 8-128 32 32 32.94
AMB 1-8 4 8 4.71 1-8 4 8 4.79 1-8 4 8 4.59
TRB 0.015-1 0.25 1 0.35 0.015-1 0.25 1 0.34 0.03-1 0.25 05 0.36

MIC refers to the minimal inhibitory concentrations.
The MIC50 and MIC90 values correspond to the minimal inhibitory concentration of the antifungal able to inhibit the growth of 50% and 90% of all fungal isolates, respectively.
GM, Geometrical mean.
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Subject Type Data
Age Average + STD 61.38 + 11.20 (24-86 years)
Gender Male 82% (37/45)
Female 18% (8/45)
Etiology agent F. monophora 62% (28/45)
F. nubica 38% (17/45)
Occupation Farmer 56% (25/45)
Other 22% (10/45)
NA 22% (10/45)
Trauma Y 38% (17/45)
N 42% (19/45)
NA 20% (9/45)
Underlying disease Y 29% (13/45)
N 58% (26/45)
NA 13% (6/45)
Duration Average + STD 7.10 = 7.33 years (3 months-30 years)
Sites Upper extremity 49% (22/45)
Lower extremity 40% (18/45)
Trunk 11% (5/45)
Skin lesion Verrucous 42% (19/45)
Plaque 38% (17/45)
Cicatricial 7% (3/45)
Tumorous 2% (1/45)
Nodular 2% (1/45)
Mixed form 9% (4/45)
Severity Mild 29% (13/45)
Moderate 31% (14/45)
Severe 40% (18/45)
Treatment Antifungal agents ITR+TER 53% (24/45)
ITR 16% (7/45)
TER 2% (1/45)
Combined therapy ITR+TER+PDT 7% (3/45)
ITR+TER+Surgery 7% (3/45)
ITR+Surgery 7% (3/45)
ITR+TER+Thermotherapy 2% (1/45)
No treatment 7% (3/45)
Outcome Cure 7% (3/45)
Improve 58% (26/45)
Relapse 11% (5/45)
Lose follow-up 24% (11/45)
Time of treatment Months 8.62 + 9.46 (1-37 months)

NA, not available; ITR, itraconazole; TER, terbinafine; PDT, photodynamic therapy; m, month; y, year.





OPS/images/fcimb.2022.810604/table2.jpg
Strain Severity Type of lesions Cases

Verrucous Plaque Nodular Tumorous Cicatricial Mixed
F. monophora Mild 6 4 1 13
Moderate 1 5 1 7
Severe 5 2 1 2 10
F. nubica Mild 1 1 2
Moderate 2 5 7
Severe 5 1 1 1 8

Total 19 18 i | 1 a 3 45
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Location Shangrao
Nanchang
Jian
Yichun
Jiujiang
Yingtan
Fuzhou
Jingdezhen
Xinyu
Ganzhou
Pingxiang
Gender Male
Female
Specimen Cerebrospinal fluid (CSF)
Blood
Hydrothorax
Bone marrow
Immune status Immunocompromised HIV
59.30% (118/199)
Other
opportunistic
infections
Diabetes
Autoimmune
systemic
diseases
Others

54 (27.1%)
46 (23.1%)
21 (10.6%)
20 (10.1%)

16 (8%)
12 (6%)
11 (5.5%)
11 (5.5%)
4 2%)
3 (1.5%)
1 (0.5%)

128 (64.3%)
71 (35.7%)

141 (70.9%)
56 (28.1%)
1 (0.5%)

1 (0.5%)

61.9% (73/
118)
40.7% (48/
118)

22% (26/
118)
7.6% (9/118)

9.3% (11/
118)

Immunocompetent 40.7% (81/199)
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Sequence Type CAP59 GPD1 1GS1 LAC1 PLB1 SOD1 URA5 Isolates amount

ST5 1 3 d 5 2 1 1 178
ST6 1 1 1 3 2 1 5 4
ST31 1 1 10 3 2 1 1 1
ST81 1 1 1 5 2 1 1 1
ST359 1 25 1 5 2 1 1 9
ST656 1 25 A 5 2 68 1 1
ST657 1 25 1 5 44 1 1 3
ST658 1 3 98 5 2 1 1 2
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Drugs

FLU

TR
AMB
POS
VOR
5FC

Break points (ug/ml)

>16

20.25
21
20.25
20.25
>8

22

Isolates amount

85
69
83

18

64

Genotype

ST5 (15), ST6 (3), ST359 (2)
ST5(56), ST81(1), ST359 (4), STE56(1), STE57(1), STES58 (1)
ST5(73), ST6(3), ST81(1), ST359(5), ST6S6(1), STE57(1), STESS (1)
ST5(59), ST6(2), ST81(1), ST359(5), ST657(1), ST658 (1)

ST5(72), ST6(3), ST81(1), ST359(5), ST657(1), STE58(1)

ST5(4), ST6(2)

ST5(14), ST6(1), ST359(2), STE58(1)
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Fungal and bacterial co-infection Fungal infection Univariable OR® (95% CI®) P value Multivariable OR (95% CI) P value
Age (years) 43.04 +18.2 40.77 + 18.8 - 0.580 - -
Sex
Male 32 (66.7%) 40 (56.3%) 155 0.258 = =
Female 16 (33.3%) 31 (48.7%) (0.72-3.32)
Immune function
Normal 5 (10.4%) 18 (25.4%) 2.92 0.043 3.20 0.038
Defective 43 (89.6%) 53 (74.6%) (1.00-8.51) (1.07-9.62)
Antibacterial treatment 31 (64.6%) 48 (67.6%) 0.874 0.732 - -
(0.40-1.89)
CT image manifestation 13 (27%) 9 (12.7%) 2.56 0.047 2.81 0.039
(Cavity lesions) (0.99-6.59) (1.06-7.49)
Isolated viruses 0 (20.8%) 11 (156.5%) = 0.453 = =
Fungus species
Aspergillus 21 (43.8%) 26 (36.6%) = 0.591°¢ = =
Pneumocystis 11 (22.9%) 19 (26.8%)
Rhizopus 9 (18.8%) 12 (16.9%)
Cryptococcus 3 (6.3%) 8(11.3)
Lichtheimia 2 (4.2%) 3 (4.2%)
Penicillium 1(2%) 2 (2.8%)
Mucor 1 (2%) 0 (0%)
Scedosporium 0 (0%) 1(1.4%)

“OR, odds ratio.
°Cl, confidence interval.
Calculated by t-test.
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Fungal infection (case) Fungal and bacterial infection (case)

Treatment before etiology

Antibacterial drugs 48 31
Adjustment according with etiology
Adjusted antibacterial drugs 14 (29.2%) 12 (38.7%)

Stopped antibacterial drugs 6 (12.5%) =
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Pseudomonas aeruginosa:
Acinetobacter baumannii
Stenotrophomonas maltophilia-
Haemophilus parainfluenzae:
Enterococcus Faecium
Streptococcus pneumoniae-
Kiebsiella pneumoniac:
Mycobacterium tuberculosis
Legionella pneumophila
‘Staphylococcus haemolyticus:
Enterococcus faecalis
Nocardia cyriacigeorgica
Staphylococcus aureus
Mycobacterium abscessus:

Haemophilus influenzae-
Enterobacter hormaccher
“Acinetobacter junii-
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Locus

ACT

CAL

EF1

RPB2

SOD2

TUB

Coded protein

Actin

Calmodulin

Elongation factor 1-alpha
RNA polymerase Il subunit
Manganese superoxide

dismutase
Beta-tubulin

Sequence 5’-3’

ACT-Sau-F: CTCCTGCTTGGAGATCCACAT
ACT-Sau-R: TCTCCGCTACCCTATCGAGC
CAL-Sau-F: TCTACGTTCGCACGCTAAACT
CAL-Sau-R: GGAGGAGGGACGCTACTTTTG
EF1-Sau-F: CAGCCTGGGAGGTACCAGTAAT
EF1-Sau-R: AGCGCCTGGATGAGCCAATG
RPB2-Sau-F: AGTGTTACGCGGGGACTAAA
RPB2-Sau-R: TGATCGTGATCACTTCGGCAA
SOD2-Sau-F: GCCCTACATTAGCGCCAAGA
SOD2-Sau-R: TTGCGGTTCTCGTACTGGAG
TUB-Sau-F:
CTGTCTCACCCCTCGTACGGTGACCTCAAC
TUB-Sau-R:
GCCCTCGCTAGTGTACCAATGCAAGAAAGC

Annealing temperature
c)

60
58
62
62
60

68

Product length
(bp)

998
837
859
1214
584

676

Targeted allele length
(bp)

830
689
715
952
437

401
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No. Species/Identification  Gene Accession mic AFST
Method
FLIC  ITC VRC AMB CAS SFC_ Ani  Pos Others
1 M. antarcticus AB089375(268) 05 0.06 NA 0125 NA 64 NA NA N/A EIKEN kit (Eiken Chemical, Tokyo)
ABOBIB7A(TS)
2 P. thalandica AB0B9355(265) 2 025 NA 025 NA  >84 NA NA NA EIKEN kit (Eiken Chemical, Tokyo)
AB089354(TS)
3 M. aphidis AB089357(269) >64 >8 NA 025 NA  >64  NA NA N/A EIKEN kit (Eiken Chemical, Tokyo)
AB08I356(TS)
4 M. aphidis Bankit1010363(TS) 4 0.125 NA 0.25 NA N/A NA NA N/A YYeastOne system (Trek Diagnostic)
5 Pseudozyma spp N/A NA NA NA NA  NA NA NA NA N/A NA
6 M. aphidis NA NA NA NA NA  NA NA NA  NA N/A NA
7 M. aphidis JQ743064(TS) 4 0.25 0.03 0.25 4 N/A 4 NA N/A CLSI M27-A3
8 M. aphidls KC812275(D1/D2) 8 003 006 003 8 >64 8 003 1sa 0.25 CLSI M27-A3
9 M. aphidis KMB10219(TS) 2 003 003 013 NA 128 NA 0015 N/A EUCAST E.Def 7.2
KM610218(D1/D2)
10 P. alboarmeniaca AB117961(TS) 32 4 2 0.25 >16 >64 NA NA Mica>16 EIKEN kit (Eiken Chemical, Tokyo)
1 P. crassa AB117962(TS) >64 >8 2 025  >16  >64 NA NA Mica>16 EIKEN kit (Eiken Chemical, Tokyo)
12 P. siamensis AB117963(TS) 32 4 2 0125  >16 64 NA NA Mica>16 EIKEN kit (Eiken Chemical, Tokyo)
13 Pseudozyma spp N/A NA NA NA NA NA N/A NA NA N/A NA
14 M. bullatus N/A 128 0.12 0.03 1 8 64 NA NA N/A YeastOne Y010
15 M. aphidis N/A 16 0.19 003 019 >82 >822 NA NA N/A EUCAST E.Def 7.2
16 M. aphidis KF443199(TS) NA NA NA NA  NA NA NA NA N/A NA
KF443201(D1/D2)
17 Pseudozyma spp. N/A NA NA NA NA  NA NA NA  NA N/A NA
18 M. antarcticus MH185803 128 4 8 05 NA > NA NA N/A ATB FUNGUS 3 (bioMérieux)
1980 D. churashimaensis N/A 0157 008025 0030125 0198 >8 0157 >8 003025 1520030125  CLSIM27 M60
31 D. churashimaensis MK463929 64 4 2 05 NA 64 NA 2 KET 0.5 CLSI M27 M60

P, Pesudozyma; M. Moesziomyces; D. Dirkmiea; FL.C, fluconazole; ITC, itraconazole; VRC, voriconazole; AMB, amphotericin B; CAS, caspolungin; 5FC, flucytosine; Mica, micafungin; Ani, anidlulafungin; Pos, posaconazole; Isa, isavuconazole;

KET. ketoconazole: N/A. not available.
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P. thailandica
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Pseudozyma spp.
M. antarcticus
D.churashimaensis
(12 cases)

D.churashimaensis
(this study)

Region

Northern
Thailand

NC USA

Seoul
South Korea
Wenzhou China

Recife
Brazi

New Delhi India
Argentina
Nonthaburi
Thailand

Georgia USA
Cérdoba
Negeria
Strasbourg
France

South Korea
Missouri USA
Chengdu, China
Delhi, India

Nanchang
China

Infection Type/
Source

Blood/N/A

Blood/CVC
Brain Abscess/
surgery
Leg/secondary
Pleural fluid/
inhalation
Blood/N/A
Blood/CVC
Blood/N/A
Blood/CVC
Blood/CVC
Blood/CVC
Blood/CVC
Blood and skin/
ove

Blood

blood

Skin

Age/
Gender*

NAM
52F
21F
7IF
78M
51M
17M
oM
6F
NA
52F
oF
68/F
51M
44M
93M

neonate

80F

Underlying Disease®

Spontaneous pneumothorax

Asthmatic and respiratory failure

leptospirosis and aseptic meningitis

Short gut syndrome

Astrocytoma, MRSA infection

Mycetoma and nocardiosis of leg,

Burkitt lymphoma, chemotherapy

Hemolytic jaundice

Osteosarcoma with lung metastasis, chemotherapy
A

Crohn's disease, colectomy

Preterm low birth weight

Adenocarcinoma of ampulla of Vater, surgery

AML, chemotherapy

HSCT recipient

hypertension, chronic renal insufficiency, Alzheimer’s
disease, cerebral infarction, COPD

Preterm, low birthweight

No underlying disease

ical Presentation

NA

Fever, chil, malaise
and fatigue

Fever

Swollen, discharging
sinuses

Fever, lung infilrates
Lethargy, fever, chill

Fever
NA

Fever, headache and
weakness
Hypothermia

Fever, chil

Fever, lung infitrate
High fever

Fever

N/A

Erythema plaques and
nodules

Treatment”

NA

FLC faled—CVC
Removal+ oral ITC.
No AFT

Oral ITC

LAMB—VRC
AMB—VRC

LAMB, CVC Removal
A

FLC faled—VRC

fLC

LAMB +CVC Removal
LAMB+CVC
Removal—~VRC

CVC Removal
+AMB—VRC
CASailed)—AMB
FLU

oral TC

Prognosis

NA

Survived

Survived
Survived
Survived
Survived
NA
Survived
Died
Survived
Survived
Survived
Survived
7 survived,

5 died
survived

P, pesudazyma; M. Moesziomyces; D. Dikmiea; USA, the United States.
“In this column, M means male and F means female.
“In this column, MRSA means methicilln-resistant Staphylococcus aureus; AML, acute myeloid leukemia; HSCT, haematopoietic stem cel transplantation; COPD, chronic obstructive pulmonary disease.
*In this column, — means changing to a new therapy, + means combined therapy. CVC, central venous catheter-related; N/A, not available.; AFT, antifungal treatment; TMP/SMX, trimethoprim/sulfamethoxazole; FLG, fluconazole; AMB,
anahaterich B: LAMB, fioosamal amphotercin B: VAC, variconazale; ITC. iraconazole
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AdaBoost

FKS1_S639P
FKBP12_S4N*
B9J08_000267_Y114D
ERG11_Y501H*
ERG11_G459s*
ERG11_K143R
ERG11_Y132F
B9J08_004578_M245V
TAC1B_E200K
TAC1B_F214S
TAC1B_K247E
TAC1B_A583S
TAC1B_A651T
TAC1B_M653V
B9J08_004468_F82V
PGA7_A18P*
PGA7_E49D*
CDR1_G9958"
TAC1B_S195C
TAC1B_S192N

Bolded means previously reported mutations.
*Represents drug resistance mutation should be paid special attention to.

GradientBoosting

B9J08_003739_G672S
B9J08_003902_G126R
B9J08_003902_S24P
CDR1_H771R*
ERG11_Y501H*
B9J08_004467_ G22E
CDR1_G9958"
TAC1B_A651T
ERG11_K143R
B9J08_004468_F82V
TAC1B_F214S
B9J08_003735_K325N
ERG11_Y132F
UPC2_E229K
B9J08_001033_L136F
B9J08_000267_Y114D
TAC1B_K247E
B9J08_001030_E2Q
B9J08_003902_T917I
PGA7_E49D*

DecisionTree

B9J08_003735_K325N
B9J08_003902_G126R
CDR1_G9958*
ERG11_Y501H*
ERG11_K143R
TAC1B_A651T
B9J08_004468_F82V
ERG11_Y132F
TAC1B_F214S
B9J08_004467_G22E
PGA7_E49D"
B9J08_000267_Y114D
UPC2_E229K
TAC1B_K247E
B9J08_001033_L136F
ERG11_l466M*
ERG10_R278H"
TAC1B_M653V
FKS1_S639P
ERGB_Y279H

SVC_linear

ERG11_K143R
ERG11_Y132F
ERG11_V125A
B9J08_004578_A202T
TAC1B_K247E
B9J08_004467_G22E
ERG11_F126L
B9J08_001033_L136F
ERG11_Y501H*
MRR1_N647T
B9J08_004468_K506R
B9J08_004818_D671N
B9J08_004818_E749K
B9J08_004578_E289G
B9J08_001030_E534K
B9J08_000962_H59L
CDR1_E709G
B9J08_004468_F82V
B9J08_000961_K330N
FKS1_M1267
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Bolded means previously reported mutations.

AdaBoost

ERG10_R278H*
ERG3_D283N
B9J08_003902_G126R
TAC1B_S195C
B9J08_005341_A592D
B9J08_000962_G41E
FKS1_S639Y/S639F
FKS1_F219V
FKBP12_S4N*
B9J08_001033_L136F
CDR1_G9958*
CDR1_E709G
B9J08_000267_Y114D
UPC2_E229K
B9J08_001445_ 368F
B9J08_001445_V317L
ERG11_l466M*
ERG11_G4598*
ERG11_K143R
ERG11_Y132F

DecisionTree

ERG10_R278H*
B9J08_003902_G126R
MRR1_H417L
B9J08_000267_Y114D
ERG11_l466M*
ERG11_G459s*
ERG11_K143R
ERG11_Y132F
B9J08_004818_S745P
TAC1B_A651T
PGA7_A18P*
TAC1B_F214S
TAC1B_S192N
B9J08_001445_L368F
TAC1B_A15T
TAC1B_A583S
B9J08_005341_A592D
PGA7_E49D*
ERG3_D283N
UPC2_E229K

*Represents drug resistance mutation should be paid special attention to.

GradientBoosting

ERG10_R278H"
B9J08_003902_G126R
MRR1_H417L
B9J08_000267_Y114D
ERG11_l466M*
ERG11_G459S*
ERG11_K143R
B9J08_004576_L747F
B9J08_004818_S745P
B9J08_004818_P67H
TAC1B_S192N
TAC1B_A640V
TAC1B_A651T
TAC1B_A657V
PGA7_A18P*
B9J08_001445_L368F
TAC1B_S195C
B9J08_000268_I6F
FKS1_K848R
ERG11_Y132F

SVC_Linear

ERG10_R278H*
B9J08_003902_G126R
B9J08_005341_K374R
B9J08_000267_Y114D

ERG11_l466M*

ERG11_G4598*

ERG11_K143R

ERG11_Y132F

TAC1B_A651T

PGA7_A18P
PGA7_E49D
CDR1_G995S*
B9J08_005341_K918R

TAC1B_K247E

TAC1B_F214S

TAC1B_A657V
B9J08_001033_L136F
B9J08_003735_E275G

B9J08_001030_E2Q
CDR1_H771R*

RandomForest

ERG10_R278H*
B9J08_003736_N36H
B9J08_003902_G126R
B9J08_005338_V621F
B9J08_005341_N279H
CDR1_H771R*
B9J08_000267_Y114D
B9J08_001445_S430N
ERG11_l466M"
ERG11_G4598*
ERG11_K143R
TAC1B_A651T
TAC1B_A657V
PGA7_A18P*
PGA7_E49D*
B9J08_000166_V641D
ERG11_Y132F
UPC2_E229K
TAC1B_S192N
B9J08_004818_S745P
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F1AMS, AdaBoost_Upsamping
F2AMB_KNeighbors_Upsamping
FaAmB_RE Upsamping

FIMCE KNeghtors Upsamping
FEMCF_Keghbors Upsamping
FIMCF_RF_Upsamping

FIFGZ RF.Upsamping
FRFCZ_AdaBoost_Upsamping
FIFCZ_RF_Upsamping
FIVCZ_KNeighbors_Upsammping
F2VCZ LR Downsamping
FVCZ_AdaBoost_Upsamping
FIPZ_DecisnTres_Upsarmping
F2pZ_RF Upsamplng
F3°2_RF_Upsamplng
FIICZ_KNoighbors.Upsamping
F2ICZ_AdaBoost Downsampsing
RICZ. BomousNB_Downsamping
Tho best modst

F1AmS._F Dowrsamping
F2AmB_GB_Downsamping
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Antifungals

Anidulafungin
Caspofungin
Micafungin
Fluconazole
Voriconazole
itraconazole
5-Flucytosine
Amphotericin B
Posaconazole

C. albicans C. parapsilosis C. tropicalis C. glabrata C.rugosa  C. haemulonii
MICrange  MIC50 MIC90  MiCrange  MIC50  MIC90 MICrange MIC50 MIC90 MICrange MIC50  MIC90  MICrange  MIC range
£0015-0.12 003 012 0.06-2 1 1 003-2 012 025 <0015012 003 006 0252 0.06-0.06
0015025 006 012 0032 05 1 00605 006 012 00305 006 0.060.12 058 0.06-0.06
<00080.12  <0.008 0015 0124 1 1 0015-2 003 006  <00082 0015 0015 00605 0.12:0.12
<0.12-32 0.25 1-2 0.5-64 05 1 0.5->256 2 4 1-32 16 32 4-16 128-128
<0.008-1 <0008  <00081  <00082 <0008 003  <0008>8 012 025 0062 1 1 0.06-0.25 88
0015012  0.03-006 012 <001505 006042 0.2 003-1 025 05 0.12:2 1 1 012025 16-16
<0.06-8 <0.06 012 £0.06-05 €006 <006 <006-012 <006 <006  <0.0605 <006  <0.06 012025 64-64
<0.12-0.5 05 05 <0.12-2 0.25 0.25 <0.12-1 05 1 0.5 0.5-1 0.5-1 0.5-0.5
<0.008-1 0.015-0.03 0.06 0.015-0.5 0.06 0.06 0.015-1 0.25 05 2 2 0.06-0.12 8-8
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Species

C. albicans

C. parapsilosis
C. tropicalis

C. haemulonii

Strains number

NCU_B138
NCU_B149
NCU_B154
NCU_0080
NCU_B136
NCU_B128
NCU_B147
NCU_BO11

Resistance to fungal drugs

Fluconazole

Voriconazole, Fluconazole
Voriconazole, Fluconazole
Voriconazole, Fluconazole
Fluconazole

Voriconazole, Fluconazole
Voriconazole, Fluconazole
Voriconazole, Fluconazole

Gene

ERG11
ERGT11
ERGT11
ERG11
ERG11
ERG11
ERG11
ERG11

Base mutation sits

C368T/T394C
G340T/T768C
G340T/T768C
T591C
A395T/T591C/G1193T
T225C/G264A/A395T/C461T
G264A/C461T/G1362A/G1504A
A395T

Amino acid substitution

T1281/Y132H
A1148
A1148

None

Y132F/R398I

Y132F/S154F

S154F/D454N
Y132H
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DNA sequence

Protein sequence

Length No.of No. of allele Amino acid  No. of protein
(nt) SNPs types changes types
ERG11 1663 10 5 3 3
FKS1 5652 27 9 7 v 4





OPS/images/fcimb.2021.739496/table4.jpg
Isolate Missense mutation Synonymous mutation MICs (ug/ml)

Nucleotide mutation (amino acid mutation) Fz? VOR? Pz? 1zz
1 A428G (K143R) Ces1T C888A C999T C1164T 256 0.5 0.12 0.12
2 C378G (F126L) C681T C888A C999T C1164T 64 1 0.12 0.12
3 G306A C852T 4 0.12 0.06 0.12
4 G306A C852T 4 0.12 0.06 0.06
6 C378G (F126L) Ces1T C888A C999T C1164T 32 0.25 0.06 0.06
1 4 0.12 0.06 0.06
12 A428G (K143R) 64 0.25 0.12 0.12
13 G306A C852T 4 0.06 0.03 0.06
15 C378G (F126L), G417K (L139F) Ces1T C888A C999T C1164T 256 4 0.12 0.12
16 C378G (F126L), G417K (L139F) C681T C888A C999T C1164T 128 1 0.06 0.12
17 C378G (F126L), G417K (L139F) Ces1T C888A C999T C1164T 64 0.5 0.06 0.06

aF7  Fluconazole: VOR, Voriconazole: PZ. Posaconazole: IZ. ltraconazole.
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Isolate Missense mutation in FKS1 hot spot

Nucleotide mutation (amino acid

mutation)
Hot spot 1
2 T1861A (F6211), G3367A (G11239)
6 T1861A (F621l), G3367A (G11239)
13 C1874T (S625L), T4062G (F1354L)
Around hot spot 2
15 G3367A (G11239), T4043G (113483)
16 GB367A (G11238), T4043G (11348S)
17 G3367A (G11239), T4043G (113489)

AAND, Anidulafungin; MF, Micafungin; CAS, Caspofungin.

MICs (ug/ml)

AND? MF? CAS?

1 012 >8
>8 8 >8

>8 >8 >8
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Strain Gender/Age Year Department Source of isolate Identity Clinical diagnosis

i) F/75 2010 ICU Blood 100 Pneumonia

2 M/56 2010 ICU Blood 100 Coronary heart disease, lung
infection

3 M/54 2013 Organ transplantation Ascites 100 Primary liver cancer

4 M/60 2016 Neurosurgery Cerebrospinal fluid 100 Hydrocephalus

6 M/79 2016 ICU Blood 100 Coronary heart disease

11 M2 2015 Hematopathy Blood 100 Infectious fever

12 F/59 2018 ICU Blood 100 Cerebral hemorrhage

13 M/45 2017 Organ transplantation Ascites 100 Liver transplantation

15 M/84 2016 ICU Urine 100 Subarachnoid hemorrhage

16 m/81 2017 ICU Urine 100 Fever

17 F/78 2017 ICU Urine 100 Closed abdominal trauma
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MIC (ug/ml) Range Mode? ECV (ug/ml)® at:

<0.06 0.06 012 025 05 >8 95% 97.50% 99%
Fluconazole 7 4-256 4 256 256 256
Voriconazole 1 3 2 2 0.12-4 0.12 4 4 4
ltraconazole 5 6 0.06-0.12 0.12 0.12 0.12 0.12
Posaconazole 1 6 4 0.06-0.12 0.06 0.12 0.12 0.12
Caspofungin 1 1 1 6 0.06->8 >8 >8 >8 >8
Micafungin 4 2 1 3 0.03->8 <0.06 >8 >8 >8
Anidulafungin 2! 2 1 2 0.06->8 0.06,0.12,1, 4, >8 >8 >8 >8
5-Flucytosine 10 1 <0.06-0.12 <0.06 0.12 0.12 0.12
Amphotericin B 1 5 0.25-1 1 1 1 1

*Most frequent MIC.

bCalculated ECV's comprising =95, =97.5, or 299% of the statistically modeled MIC population.
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Bolded means previously reported mutations.

AdaBoost

B9J08_003489_D695V
B9J08_003726_T631S
ABC_T37A
FKS1_S639Y/S639F
FKS1_S639P
FKS1_F219V
CDR1_E709D
CDR1_V704L
UPC2_E229K
B9J08_000274_F180V
ERG11_l466M*
TAC1B_A640V
PGA7_E49D*
B9J08_003726_G756V
CDR1_E709G
B9J08_001033_L136F
ERG11_Y132F
CDR1_H771R*
ABC_Val
PGA7_A18P*

DecisionTree

FKS1_S639Y/S639F
FKS1_S639P
B9J08_000274_V248F
B9J08_000274_F180V
ERG11_l466M*
B9J08_001033_L136F
PGA7_E49D*
ERG11_F126L
CDR1_V704L
TAC1B_A640V
B9J08_003726_G756V
FKS1_F219V
PGA7_A18P*
B9J08_001445_ 368F
ABC_V3l
B9J08_003726_N248H
B9J08_000166_V641D
B9J08_003726_S279N
B9J08_000166_S685N
B9J08_003726_K299R

*Represents drug resistance mutation should be paid special attention to.

GradientBoosting

FKS1_S639Y/S639F
FKS1_S639P
B9J08_001033_L136F
ERG11_l466M*
B9J08_000274_V248F
FKS1_D979N
FKS1_K848R
B9J08_000274_F180V
B9J08_000274_V248G
B9J08_003735_H8Q
PGA7_E49D*
FKS1_S846A
ABC_Y504H
B9J08_000274_N243K
MRR1_N647T
B9J08_003726_K299R
B9J08_000274_A245G
TAC1B_A640V
ERG11_F126L
B9J08_000274_A231D

SVC_Linear

B9J08_003902_G126R
FKS1_S639Y/S639F
FKS1_S639P
CDR1_H771R*
ERG11_l466M*
B9J08_000274_V248G
FKS1_L972M
MRR1_R249K
FKBP12_S4N*
B9J08_000162_D109G
B9J08_000162_P110S
MRR1_I211V
B9J08_000274_F180V
B9J08_003489_D695V
B9J08_000162_E475K
ERG11_Y132F
CDR1_E709D
B9J08_003726_P586S
B9J08_003622_V132L
B9J08_003622_S249T

RandomForest

FKS1_S639Y/S639F
FKS1_S639P
B9J08_000274_F180V
FKBP12_S4N*
ERG11_Y132F
B9J08_001033_L136F
TAC1B_A657V
ERG11_l466M*
B9J08_000161_N244K
ERG3_L262|
CDR1_V704L
PGA7_E49D*
B9J08_004009_E641K
FKS1_L972M
PGA7_A131T
ERG11_K143R
PGA7_A18P*
FKS1_K848R
CDR1_H771R*
ERG3_V258|





